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COMBUSTION OF COAL AND DESIGN OF FURNACES. 


By Henry Kereisincer, C. E. Augustine, and F. K. Ovrrz. 


INTRODUCTION. 


The Bureau of Mines is conducting investigations to determine 
how fuels belonging to or for the use of the United States Govern- 
ment can be utilized with greater efficiency. As a result of these 
investigations a number of reports have been published, each report 
treating of one phase of fuel utilization. A list of these publications 
is given at the end ot this bulletin. 

The efficient utilization of coal depends on the correct design of 
furnaces and on their proper operation. To attain both of these 
conditions a knowledge of the fundamental principles of combus- 
tion is necessary. Therefore, the study of the combustion of coal 
in industrial furnaces has been made a part of the bureau’s fuel in- 
vestigations. 

The desirability of investigating the fundamental principles of 
combustion was suggested by the study of a large number of steam- 
ing tests made by the fuel-testing division on coals from all of the 
more important fields in the United States. The results of these 
tests have been published in Bulletin 325% of the United States 
Geological Survey and in Bulletin 23 ° of the Bureau of Mines. 

As a result of that study a plan to investigate the combustion of 
coal in a special apparatus in which all conditions could be controlled 
was presented to the National Advisory Board for Fuels and Struc- 
tural Materials at its meeting of April 10 and 11, 1906. The plan 
received the approval of the board, and since the establishment of 
the experiment station of the Bureau of Mines at Pittsburgh the 
investigation of the combustion of coal has been carried on intermit- 
tently. The history of these investigations is given in Technical 
Paper 63.° 

a Breckenridge, L. P., A study of four hundred steaming tests made at the fuel-testing plant, St. Louis, 
Mo., in 1904, 1905, and 1906: U. S. Geol. Survey Bull. 325, 1907, 196 pp. 

b Breckenridge, L. P., Kreisinger, Henry, and Ray, W. T., Steaming tests of coal and related investi- 
gations, Sept. 1, 1904, to Dec. 31, 1908: Bull. 23, Bureau of Mines, 1912, 380 pp. 

¢ Clement, J. K., Frazer, J. C. W., and Augustine, C. E., Factors governing the combustion of coal in 


boiler furnaces: Tech. Paper 63, Bureau of Mines, 1914, 46 pp. 
a 
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PERSONNEL. 


The combustion investigations reported in this bulletin were con- 
ducted by one fireman and five observers, three of whom were chem- 
ists collecting and analyzing samples of gases. The following men 
were at various times members of the crew: W. T. Ray, H. Kreis- 
inger, J. K. Clement, J. C. W. Frazer, E. J. Hoffman, C. E. Augus- 
tine, F. K. Ovitz, A. E. Hall, L. L. Satler, A. L. Smith, V. B. Bonny, 
E. T. Gregg, L. H. Adams, W. L. Egy, and J. P. Stein. 

Chemical analyses of coal and refuse were made under the direc- 
tion of A. C. Fieldner, chemist, of the Bureau of Mines. 


PURPOSE AND SCOPE OF COMBUSTION INVESTIGATIONS. 


In practically all industrial furnaces the combustion of coal takes 
place in two stages—(1) combustion in the fuel bed, which in- 
cludes the distillation of volatile matter and partial combustion or 
gasification of the fixed carbon; and (2) combustion of the gaseous 
and other combustible rising from the fuel bed in the combustion 
space. 

The processes of combustion in a hand-fired furnace can be best 
explained by reference to figure 1. In the figure the curves show the 
percentages of the different gases at various points in the fuel bed and 
in the combustion space. The changes in the percentage of each gas 
indicate the process of combustion. The fuel bed is shown to be 6 
inches thick. The oxygen (O,) is all used at about 34 inches from 
the grate. Atthesame point the carbon dioxide (CO,) reaches a maxi- 
mum of about 12 per cent. Beyond this point the percentage of CO, 
drops and the percentage of carbon monoxide (CO) and other com- 
bustible increases rapidly, showing that the CO, is reduced by contact 
with hot carbon to CO. At the surface of the fuel bed the gases con- 
tain about 26 per cent of combustible, no oxygen, and about 8 per 
cent of CO,. Air is added over the fuel bed and the combustible is 
burned in the combustion space. At the end of 7 feet of the combus- 
tion space, the combustible gases are burned to 4 per cent and at the 
same time the CO, increases to 14 per cent. With a combustion space 
long enough the percentage of combustible would be reduced prac- 
tically to zero. 

The three main processes in the fuel bed are the oxidization of car- 
bon to CO,, the reduction of CO, to CO, and the distillation of volatile 
matter. The zones where these three processes take place are indi- 
cated at the top of figure 1, and are called the oxidizing zone, the 
reducing zone, and the distillation zone. The boundaries between 
the three zones are not distinct, the zones merging gradually into one 
another. : | 
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marily as a gas producer. The gases rising from a level fuel bed con- 
tain 15 to 32 per cent of combustible gases, about 8 per cent of carbon 
dioxide, and practically no free oxygen. This is true of even 6-inch 
fuel beds and rates of combustion as high as 120 pounds of coal per 
hour per square foot of grate. The process of combustion in the fuel 
bed is treated more thoroughly in Technical Paper 137.¢ 

The second part of the investigation is the study of the process of 
combustion of the gases and other combustible rising from the fuel 
bed in the combustion space, after a sufficient quantity of air has 
been added. The results of the study are given in this report. 

The process of combustion in the combustion space is influenced 
by many factors, the most important of which are the following: The 
volume and shape of the combustion space; the kind of coal used, 
especially the character, and the amount of the volatile matter it 
contains; the rate of firing; the quantity of air supplied over the fuel 
bed; the rate of mixing the air with the combustible rising from the 
fuel bed; the rate of heating the coal; and the temperature in the 
combustion space. ; 

The qualitative effects on the rate and completeness of combustion 
of many of these factors have been known for a long time. Thus, for 
example, it has been generally known that the higher the percentage 
of volatile matter in the cf#l and the higher the rate of combustion, 
the larger must be the combustion space to attain practically com- 
plete combustion. But the exact relation of these factors was not 
known; that is, the quantitative data presented in some convenient 
units, such as pounds, feet, or percentages, were lacking. It was to 
obtain such definite relations that the study of combustion in the 
space beyond the fuel bed was undertaken. On pages 68 to 89 are 
given data for proportioning the combustion spaces of industrial fur- 
naces; these data, being the result of direct experimental work, fur- 
nish a more rational basis for design than has heretofore been available. 

The apparatus so far used in the investigation was a special furnace 
having a combustion space 3 feet by 3 feet in cross section and about 
40 feet long. : : 

Provision was made to collect gas samples at about 5-foot intervals 
along the path of travel of the gases through the combustion space. 
Analyses of these samples furnished the principal data for the study 
of the process of combustion in the combustion space. 


REASONS FOR SELECTING A SPECIAL FURNACE. — 


So many factors influence the process of combustion that it is 
impossible to get concordant results if all the factors vary at once. 
The apparatus and the experiments must be so planned that only 


@ Kreisinger, Henry, Ovitz, F. K., and Augustine, C. E., Combustion in the fuel bed of hand-fired - 
furnaces: Tech. Paper 137, Bureau of Mines, 1916, 76 pp. 


SCOPE OF THIS REPORT. 5 


one factor is varied at a time, while the other factors are fixed or 
made constant. The design of the apparatus must be such that a 
complete set of accurate observations can be taken. It was mainly 
for these reasons that the special furnace was chosen. 

The first steps in the investigation were to study the effects of the 

size of the combustion space, of the rate of combustion, of the kind 
of coal, and of the air supply. The rate of heating, and the rate of 
mixing air added over the fuel bed with combustible gases were to 
be kept as constant as practicable. Only the normal mixing in the 
stoker and the natural diffusion of gases entered into the series of 
tests so far conducted. One reason for starting the investigation 
with this limited mixing was that most industrial furnaces operate 
under similar conditions. Another reason was to obtain time and 
experience for devising effective means for mixing and some con- 
venient way of expressing the speed and thoroughness of mixing. 
It was realized at the time of planning these investigations that the 
rate of mixing of air added over the fuel bed with the combustible 
rising from the fuel bed greatly affects the rapidity of the combustion 
of the gases. The importance of mixing has been pointed out by 
Breckinridge. @ 
_ Since the investigations recorded in this report were made the 
experimental furnace has been so modified that any quantity of air 
can be introduced over the fuel bed with controllable velocities and 
in four different directions, producing different rates of mixing. A 
series of tests has been started with this modified furnace with the 
object of determining the effect of mixing on the rapidity of com- 
bustion of the volatile matter of coal in the combustion space. 


SCOPE OF THIS REPORT. 


This report treats of the processes of combustion of the com- 
bustible substances rising from the fuel bed, which must be burned 
in the combustion space of the furnace. In other words, it con- 
siders the processes taking place in the furnace between the top 
of the fuel bed and the place where the gases leave the furnace. 
The knowledge of these processes makes it possible to determine the 
proper design of the combustion space of a furnace for burning a 
given coal under a given set of conditions. 

This bulletin is a companion report to Technical Paper 137, and 
is amore complete report of the investigations, a part of which were 
reported in Technical Paper 63. ° 


a Breckenridge, L. P., A study of four hundred steaming tests made at the fuel-testing plant, St. Louis, 
Mo., in 1904, 1905, and 1906: U.S, Geol. Survey Bull. 325, 1907, p. 178. 

b Kreisinger, Henry, Ovitz, F. K., and Augustine, C. E., Combustion in the fuel bed of hand-fired 
furnaces: Tech. Paper 137, Bureau of Mines, 1916, 76 pp. 

¢ Clement, J. K., Frazer, J. C. W., and Augustine, C. E., Factors governing the combustion of coal in 
boiler furnaces: Tech. Paper 63, Bureau of Mines, 1914, 46 pp. 
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The material presented consists mainly of the description of about 
100 tests made in the special furnace having a long combustion space; 
the tabulated and plotted results of these tests; and the discussion 
of these results with deductions furnishing the basis for rational 
furnace design. The tests were made with three kinds of coal, 
namely, Pocahontas, Pittsburgh, and Illinois coal. The coals were 
burned at five rates—20, 30, 40, 50, and 60 pounds per square foot of 
grate per hour. Several tests were made with each coal at each rate 
of combustion, each test being run with a different percentage of 
@Xcess alr. 

The material is arranged in four parts. The first part contains 
the description of the apparatus and the methods of conducting the 
experiments; the second part gives the results of the experiments, 
explains their meaning and points out their practical application; 
the third part consist of discussions of miscellaneous observations; 
and the fourth part contains a discussion of the process of combustion 
in the combustion space and of the laws that govern it. 


PRACTICAL DEDUCTIONS FROM INVESTIGATIONS. 


The practical deductions are given in figures 29, 30, 32, and 33 
and the text on pages 68 to 89. The data shown in the figures may 
be used for proportioning the combustion space in designing furnaces. 
Although these data were obtained from experiments with a Murphy 
furnace and are therefore particularly applicable to furnaces of that 
type, it is believed that they may be a valuable guide in the propor- 
tioning of other furnaces. When applying the data to other furnaces 
the designer should give full consideration to the method of intro- 
ducing secondary air and the facilities for mixing it with the com- 
bustible rising from the fuel bed. If the methods of introducing the 
air and the facilities for mixing it are better than those used in the 
experimental furnace, smaller combustion space than is indicated in 
the figures may be used. If, however, the methods are not as good 
the size of the combustion space should be increased. For the best 
results the secondary air should be introduced as near to the fuel 
bed as practicable, and the air should be supplied in a large number 
of streams at high velocities. 


GENERAL SUMMARY. 


The gases rising from the fuel bed of a Murphy stoker contain 10 © 
to 28 per cent by volume of combustible. As the gases flow through 
the combustion space they mix with the air added over the fuel bed 
and burn. Because of this combustion the percentage of conibustible 
decreases along the path of gases, the rate of decrease being rapid at 
first, but slowing down as the gases move farther from the fuel bed. 
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This combustion process is discussed on pages 54 to 61 in connection 
with figures 14 to 18, inclusive. 

Inasmuch as the gases rising from the fuel bed contain 10 to 28 
per cent of combustible and practically no free oxygen, additional 
air must be supplied over the fuel bed to insure complete combustion. 
In order that this additional air may flow into the furnace, the pres- 
sure of gases in the furnace must be somewhat below that of the 
outside air; in other words, there must be a ‘“‘draft’’ over the fire. 
If the pressure in the furnace is nearly the same as that of the out- 
side atmosphere, the additional air must be supplied under pressure 
with a blower or some other device. Therefore, a furnace can not 
be operated successfully with the so-called balanced draft, without 
supplying under pressure the necessary air over the fuel bed. 


RELATION OF COMPLETENESS OF COMBUSTION TO SIZE OF COMBUSTION 
SPACE. 


The combustible gases leaving the fuel. bed represent 40 to 60 
- per cent of the total heat units in the coal, so that it can be said that, 
on an average, one-half of the combustion of coal takes place in the 
fuel bed and one-half in the combustion space. The completeness 
of combustion of the gases depends on the size of the combustion 
space. This feature of the combustion process is discussed in detail 
on pages 61 to 67 in connection with figures 19 to 23, inclusive. 


RATE OF FEEDING AIR AND COAL. 


The completeness of combustion with any given size of combustion 
space depends on the excess of air and the rate of firing the coal. In 
general, the smaller the excess of air and the higher the rate of firing 
the less completely are the furnace gases burned. The effect of these 
two factors on the completeness of combustion is discussed on page 
68 in connection with figures 24 to 28, inclusive. 

The application to furnace design of the relation between the 
completeness of combustion on the one hand and the size of com- 
bustion space, the excess of air and the rate of firing on the other, is 
given in pages 68 to 78 in connection with figures 29 and 30. 


CHARACTER OF FUEL. 


The effect of the composition of the coal on the required combustion 
space, when the coal is burned under a given set of conditions is 
discussed on pages 78 to 90 in connection with figures 31 and 32. 
In general, it can be said that for any given set of conditions as to 
rate of combustion and excess of air the required size of combustion 
space is approximately in direct proportion to the product of the 
percentage of the volatile matter times a factor representing its 
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quality. The indicator of the quality of the volatile matter is the 
ratio of the volatile carbon to available hydrogen. The more carbon 
in the volatile matter the more difficult the latter is to burn. 

The size of the combustion space required for any set of conditions 
of combustion also appears to be directly proportional to the per- 
centage of oxygen in the moisture-free and ash-free coal. However, . 
it is very likely that the burning properties of the coal are not directly 
affected by the oxygen in the coal, but that the oxygen indicates 
the stage in carbonization of the original plant substance, and that 
this stage of carbonization, or the age of the coal, has a direct effect 
on burning properties. 

The percentage of excess air that gives the best results in any . 
steam-generating apparatus varies with the size of the furnace and 
the kind of fuel. In two furnaces burning the same fuel but having 
different sizes of combustion space, the one with the smaller combus- 
tion space will require more excess air for the best results than will 
the one with the larger combustion space. Also of two furnaces 
exactly alike in size, but burning different coals, the one burning 
the coal lower in volatile matter and oxygen gives the best results 
with lower excess of air than is necessary for the best results in the 
furnace burning the coal higher in volatile matter and oxygen. 
This fact explains why in one plant the highest efficiency may be 
obtained with 14 per cent of CO, in the gases and in another plant 
with only 10 per cent of CO,. This feature is discussed in detail 
on pages 90 to 97 im connection with figures 35 to 39, inclusive. 


STRATIFICATION OF GASES. 


The gases in the furnace are not of uniform composition; they tend 
to flow through the combustion space in stratified streams. This 
tendency to stratification retards combustion and makes gas sampling 
difficult, and persists even with the apparently violent mixing of 
the Murphy furnace. It is impossible to draw definite conclusions 
of the progress of combustion by taking only one gas sample at any 
one cross. section of the combustion space. Even by taking several 
simultaneous samples at. different points in any one cross section it 
is difficult to arrive at the average composition of the gases. This 
statement is true in varying degrees of all commercial furnaces. 

This feature is discussed on pages 97 to 104, inclusive. 


CONTENT OF CO, AND CO IN GASES. 


There is a definite relation for each coal between the excess of air 
supply and the percentage of CO, in the furnace gases. This relation 
is shown for Pocahontas, Pittsburgh, and Illinois coal in figure 40, 
and is discussed on page 105. 
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The tetal combustible gases at any cross section of the combustion 
Space are proportional to the percentage of CO in the furnace gases. 
Approximately the percentage of CO forms four-fifths of the total 
_ combustible gases. The other one-fifth consists mainly of hydrogen; 
only a trace of methane is usually found in the gases. Therefore, by 
determining the percentage of CO in the furnace gases, the heat losses 
due to the escape of all combustible gases can be closely computed. 
The relation between the percentage of CO and these heat losses is 
shown in figures 41 and 42, and is discussed on pages 105 to 109. 


EFFECT OF GAS SAMPLERS ON TEMPERATURE DROP. 


The drop in temperature along the path of the furnace gases in the 
experimental furnace was mainly due to the heat absorption by the 
water-cooled gas samplers. The gas samplers were absorbing heat 
at the rate of one boiler horsepower on less than 0.25 square foot of 
exposed surface. This drop in temperature is discussed on pages 109 
to 111. 

BURNING OF VOLATILE MATTER. 


The volatile matter leaves the fuel bed as complex hydrocarbon 
compounds. In the absence of sufficient oxygen for their complete 
combustion these hydrocarbons are quickly decomposed by the high 
furnace temperature into soot, hydrogen, and carbon monoxide. The 
formation of CO is due to the presence of CO, and the small supply of 
oxygen. Ata distance of 1 or 2 feet from the surface of the fuel bed 
only a very small amount of hydrocarbons can be found in any state, 
gaseous, liquid, or solid. The solid substance present in the flames 
is mostly soot, with a trace of tars. This fact is shown in Table 11 
and figure 44, All hydrocarbons are unstable at furnace tempera- 
ture, and unless enough air to insure complete combustion is quickly | 
mixed with them at the time they are distilled, they are quickly 
decomposed, the ultimate product consisting mostly of soot, H, and 
CO. Methane (CH,), which is perhaps the most stable hydrocarbon, 
is found only in traces, 1 foot beyond the surface of the fuel bed. The 
persistence of CO in the furnace gases is not due to the difficulty of 
burning it, but to its constant formation by the reaction between 
soot and H, with CO,. This is the reason why CO is found in the 
furnace gases after all other forms of combustible have practically 
disappeared. Under ordinary furnace conditions there is no need of 
analyzing for any other combustible gas when the CO content is less 
than 1 per cent. 

Soot is formed at the surface of the fuel bed by heating the hydro- 
carbons in absence of air; it is not formed by the hydrocarbon gases 
striking the cooling surfaces of the boiler. As a matter of fact only a 
very small trace of the hydrocarbon gases ever reaches the surfaces of 
| 91662°—17—Bull. 1852 
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the boiler; hydrocarbons that do so are prevented from decomposi- | 
tion by the cooling effect of the contact. The cooling surfaces do 
not cause the formation of soot, they merely collect soot and prevent 
its combustion. Hydrocarbons are stable at low temperatures but 
decompose readily at high temperatures. 

Only when the furnace temperature is very low, say below 1,000° F., 
is there found an appreciable quantity of hydrocarbons 2 feet from 
the fuel bed. This subject is discussed in detail on pages 112 to 125. 

The rapidity of burning combustible in the combustion space 
depends on the quantity of oxygen intimately mixed with the com- 
bustible. The larger this quantity the faster the combustible burns. 
This phase of the combustion process is considered on pages 125 to 
120. 

Thorough mixing of the gases produces a uniform mixture of the 
oxygen and the combustible, thereby making possible the most rapid 
combustion with any given airsupply. Ina large number of instances 
the rapidity of combustion is limited by the rate of mixing. Thus 
mixing is a very important factor in the attainment of good combus- 
tion. Mixing is discussed in more detail on pages 129 to 132. 


COMBUSTION TESTS. 
GENERAL STATEMENT. 


The investigation of the combustion in the space of a furnace 
above the fuel bed was carried on in the special furnace having a 
horizontal combustion chamber about 40 feet long and of nearly 
constant cross section. The furnace was fed with a Murphy stoker, 
and the products of combustion were discharged from the end of the 
combustion chamber under a Heine boiler. Air was supplied under 
the grate and over the fuel bed with a fan blower. An exhaust fan 
provided sufficient reduction of pressure at the discharge end of the 
furnace. 

The data obtamed in these experiments are based mainly-on series 
of experiments in which several sets of gas samples were simultane- 
ously collected from the combustion space at intervals of about 5 
feet along the path of the gases. Furnace temperatures were also 
measured at the places where the gas samples were collected. Gas 
pressures under the grate, over the fuel bed, and at the discharge 
end of the furnace were determined periodically. The coal was 
‘weighed as it was supplied to the furnace. 


DESCRIPTION OF APPARATUS. 


The general external appearance of the experimental furnace and its 
connection to the Heine boiler are shown in Plate I. A horizontal 
and a vertical longitudinal section through the furnace are shown 
in figure 2. The furnace is essentially a brick tunnel 3 by 3 feet 


‘NMOHS YSTIO8 ANISH OL SNOILOANNOD ‘“SOVNENA IWLNSWIYSdxS 


| 3iWid get NILZTING SANIW SO NVW3auNe 


11 


COMBUSTION TESTS. 


“AjeATJoodsei ‘1oydures yYSrI pure ‘oppprur “4Joy oyearput yy pus ‘qq “Ty ‘sopou Sutydures jo 
Tor{sod MOS Sep “Weye] OM Sojdures ses oIOTAL SUOTPOOS CIV {OL Y “SOVULIN] [VJ WEUTTIed xo YSNoIYy SUOT}OeS [VUTPNISUOT [BoT}VIOA pus [eJU0ZIOH—'Z AUNT 


‘ = i ere ce 1 
, Hot = sg 
DA TLI LS. LL VE —]-R is 


H ) d T a 9 Vv 


< 


—_ rr ee 


sese3 Suydures 107 So]OH 


Gi; GOVNUNA AO NOLLOGS TVNIGALISNOT TVINOZIYOH 


° ° J Zz ° Yo 
= © ° ° Wo ° “wi ° Wo fo 
5 aE ©. ° ° To ¢ 6,92 ° 1¢ t 
DC ILIMG ESRI E A AN OC IO LEE, Ime VLE ZEIT iy 
Sl | 4070, | aa aaa WAATRDD OPSPPPEECCPPPLPEPA LLLLLILLNLL LLL LAV 
5 1) 


VA 
| | | I ra 
iki moe en Fae Ee no 
Sajoy uoTyeAIEsqO, 


V 


SSR 
CRRA 


19 COMBUSTION OF COAL AND DESIGN OF FURNACES. 


in cross section and about 40 feet long, the tunnel forming the com- — 
bustion chamber. At one end of the chamber there is a standard 
Murphy stoker having 25 square feet of projected grate area. ‘The 
other end of the tunnel connects with the combustion chamber of a 
hand-fired Heine boiler, the connection beg made through the side 
wall of the boiler furnace. 

The details of the walls and the roof are also shown in figure 2. 
The side walls consist of two walls separated by a 2-inch air space. 
The inner wall is built of fire brick and is 9 inches thick. The outer 
wall is of common red brick and is 8 inches thick. The roof consists 
of two brick arches separated by a 1-inch layer of asbestos cement; 
the inner arch is of fire brick and is 8 inches thick; the outer arch, 
which is only 4 inches thick, is built of pressed red brick. Figure 3 
shows two sections through the stoker and illustrates the construction 
of the arch over the stoker. The arch contains an air space through 
which air is delivered to the tuyéres supplying air over the fuel bed. 

In one of the side walls are a number of observation holes for 
measuring temperatures, spaced about 5 feet apart along the length 
of the furnace. In the roof three holes for sampling gases were placed 
opposite each hole in the side wall for temperature measurements. 
_ The position of the holes is shown in Plate I and figure 2. 

The difference of pressures necessary to move the gases through the 
furnace was obtained by an exhaust fan and two pressure fans. 
The exhaust fan, which was driven by a direct-connected steam 
engine, was situated at the uptake of the Heine boiler. The main 
object of connecting the experimental furnace to the boiler was to 
cool the products of combustion so they could be handled by the 
exhaust fan. The exhaust fan could be run at a speed high enough 
to maintain a pressure in the uptake of 14 inches of water below 
atmospheric pressure. The pressure fan that supplied air under the 
grate was direct-connected to a steam engine and could maintain a 
pressure of 1 inch of water in the ash pit. The other pressure fan, 
which helped to supply air over the fuel bed.through the tuyéres, 
was a small fan directly connected to a 4-horsepower electric motor. 

The coal was delivered from a bin to a platform built in front of 
and over the stoker, where, as previously stated, it was weighed as it 
was supplied to the stoker magazine. 


METHOD OF CONDUCTING EXPERIMENTS. 


During about one-half of the investigations reported in this bul- 
letin, the experimental furnace was operated continuously for pro- 
ducing steam for the power plant. When not so used fire was started 
in it one day before running a test. 


COMBUSTION TESTS. 


*solgAn4} 04} 03 Ite ZurAtddns 


SRV 


N SS 


7 S 
WEZQ 


SX 


> 
S 


14 COMBUSTION OF COAL AND DESIGN OF FURNACES. 


METHOD OF STARTING AND STOPPING THE TESTS. 


Each test was started at about 10 to 11 o’clock a. m. and contin- 
ued until 3 to 4.30 o’clock p.m. Before the test was started the fire 
was cleaned and all refuse removed from the ash pit. The test was 
closed with the same amount of coal in the magazines as there was 
at the time of starting. 


CONDITIONS DURING THE TESTS. 


During the test the rate of combustion, the thickness of fuel bed, 
and the air supply were kept as constant as practicable. The rate 
of combustion was controlled by weighing the coal as it was supplied 
to the magazines and by regulating the speed of the engine driving 
the feeding mechanism of the stoker and the speed of the pressure 
fan supplying air under the grate. The air supply was controlled 
by observing closely an automatic CO, recorder. Either the Bi- 
meter CO, recorder or the Uehling CO, recorder was used for this 
purpose. The first few tests were controlled by analyzing samples of 
gases for CO, in rapid succession with an Orsat apparatus. The 
gas samples for the CO, recorders or the Orsat apparatus were drawn 
at section G (see fig. 2) of the combustion chamber, where com- 
bustion was practically complete. Gas pressures in the furnace 
were controlled by regulating the speed of the exhaust fan. The 
additional air over the fuel bed was regulated partly by ‘the small 
fan supplying air to the tuyéres and partly by the gas pressure 
(draft) over the fuel bed. When more air was needed the pressure 
drop through the tuyéres was made greater. With very high rates 
of combustion and high air supply not enough air could be added 
over the fuel bed through the tuyéres. In such instances some air 
was admitted over the fuel bed through the fire door, which was left 
partly open, and through the coal-feeding openings by keeping the 
coal somewhat low in the magazines. The admission of air through 
the fire door and through the coal magazines was unsatisfactory and 
much trouble was experienced in keeping the air supply constant. 
This method of air introduction also changed to some extent the way 
of mixing the gases, which change resulted in some inconsistencies in 
the results. 

WEIGHT OF ASH AND REFUSE. 


At the end of each test the fire was cleaned, the clinker and the 
ash accumulated in the ash pit was removed and weighed, and a 
sample sent to the chemical laboratory for the determination of 
combustible. In determining the rate of combustion the amount of 


a For description of CO, recorders, see Barkley, J. F.,and Flagg, 8. B., Instruments for recording carbon 
dioxide in flue gases: Bull. 91, Bureau of Mines, 1915, 60 pp. 
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this combustible was subtracted from the amount of combustible 
fired. 
SAMPLING AND ANALYZING FURNACE GASES. 


As the study of the process of combustion was based entirely on 
the composition of the gases at various sections along the path of 
the gases, the sampling of the gases was the most important part of 
the observations. The sampling of gases in the furnace is a diffi- 
cult problem, because the 
temperature ranges from 
2,000° to 3,200° F., and con- 
sequently the samples had to 
be collected with water-cooled 
tubes. Also the fact that the 
gases in the furnace at any 
one section are not of uniform 
composition necessitated 
taking several samples at 
each cross section and averag- 
ing theircomposition. After 
a number of preliminary tests 
it was decided to take 6 to 9 
samples at each section, so 
that 35 to 50 samples had to 
be collected simultaneously. 
The distribution of the 
samples at the various cross 
sections is shown in figures 
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the samples were collected over comparatively short periods, ranging 
from 8 to 40 minutes, and never over the entire test. On some of 
the tests duplicate samples were collected. 

The gas samples were collected at eight cross sections of the com- 
bustion chamber, which were designated A to H (see fig. 2), A repre- 
senting the first vertical section about 5 feet from the center of the 
grate. On the last series of tests with Pittsburgh coal screenings, 
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samples of gas were also collected at three horizontal sections imme- — 
diately over the grate, one being at the surface of the fuel bed, one 
11 inches from the surface of the fuel bed, and the third 22 inches 
from the surface of the fuel bed. There were only three samplers 
22 inches from the surface of the 
fuel bed. The position of these 
sections is shown in figures 4 
and 7. 

The sampling tubes were in- 
serted through the vertical holes 
in the arch of the furnace. Two 
or three tubes were mounted in 
one water jacket, the intakes of 

FIGURE 5.—Position of tarand gas samplers at section the tubes extending to different 
A of combustion furnace. L, M, and R indicate left, depths in the furnace. By this 
middle, and right sampler, respectively. construction two or three gas 
samples could be taken through each hole in the roof, and the num- 
ber of rubber-hose connections for the cooling water was greatly 
reduced. ? 


GAS-SAMPLING TUBES. 


The construction of a triple gas-sampling tube is shown in figure 8. 
The inlet of the sampler is connected with a half-inch hose to a 
water supply having a pressure of 
not less than 24 pounds per square 
inch. The discharge end of the 
sampler is connected in a similar 
way to a drain. Both hose con- 
nections are of sufficient length 
to permit free insertion of the 
sampler into the furnace or its 
removal while the water circu- 
lates through it. Directions for 
making these samplers follow: 

All joints that come in contact 
with flames are brazed; joints that % 

f e FIGURE 6.—Position of gas samplers at sections 
remain outside of the furnace are beyond section A of combustion furnace. L,M, 
soldered. When the sampler is and R indicate left, middle, and right sampler, 
being brazed or soldered, it should aka 
be held in such a position that the molten spelter or solder runs 
into the joint; this is important if good joints are to be obtained. 
When the joints to be brazed are being fitted, care should be taken 
to have the end of the copper tubing extend out far enough so 
that the spelter will not run down into it. After the joint has-been 
brazed, the protruding end of the copper tube can be filed off. The 
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side outlets on the gas tubes are first fitted, as shown, and then 
soldered by placing a piece of solder into the side outlet and holding 
the joints over a gas-torch flame, so that the molten solder runs 
all around the joint. The hole between the side outlet and the 
gas tube is drilled after the joint has been soldered. The gas 
sample is drawn through the side outlet; the opening at the end 
of the gas tube is closed with a piece of rubber tubing and a glass 
plug, and is used only for cleaning the tube when stopped with soot. 


Air through 
tuyéres 


FicurE 7.—Position of tar and gas samplers over the fuel bed. Circles indicate inlets of samplers. The 
two side rows took tar and soot samples; the central row, gas only. Entrance of air through tuyéres 
and the whirling motion of the gases that is caused by it are indicated. 


GAS-COLLECTING APPARATUS. 


The arrangement of the apparatus for collecting gas samples is 
shown diagrammatically in figure 9. The apparatus consists mainly 
of the previously described water-cooled sampling tube, a glass gas 
container, a wash bottle, and a suction pipe leading to a steam 
ejector. By means of the suction pipe one steam ejector serves to 
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collect a large number of samples. These various parts of the appara- — 
tus are connected with }-inch lead pipe, 35-inch copper tubing, and 
capillary glass tubing with rubber tubing for jomts. The operation 
of the apparatus is as follows: 

The steam ejector maintains a reduced pressure in the suction 
pipe, thereby causing a continuous current of gas to flow through 
the apparatus as indicated by the arrows in figure 9. The wash 
bottle is partly filled with water. The copper tubing leading to the 
bottle extends below the surface of the water so that as the gas 
flows through the system the flow makes itself visible by the gas 
bubbling through the water. Thus the apparatus can not become 
clogged without the operator knowing it. For a better control of 
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FIGURE 8.—Water-cooled gas sampler having three gas-sampling tubes in one water jacket. 


the flow of gas the suction pipe is equipped with a manometer. 
Usually a pressure of 2 inches of mercury less than the atmospheric 
pressure is maintained in the suction pipe. 

Before a sample is collected for analysis the gas container is filled 
completely with mercury. When connecting the container to the 
apparatus the air from the capillary tube is removed by applying 
strong suction at joint A (see fig. 9): Then the rubber joint is held 
tightly closed between the thumb and fingers and slipped over the 
top end of the container. Gas is drawn into the container by allowing 
the mercury to run out through the lower valve into a glass bottle. 
The length of the period of collecting gas depends on the rate at 
which the mercury is allowed to run out of the container. This rate 
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can be controlled by adjusting the lower valve or by attaching to it 
a special glass tip having the proper size of opening, which is deter- 
mined by trial. The inlet of the gas container extends withm about 
one-half inch of the bottom so that as long as the inlet remains below 
the surface of the mercury the mercury flows out under constant 
head, being replaced with gas at a uniform rate. The flow of mercury 
is stopped before its level falls below the inlet. 
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The gas container also serves as a safe and convenient holder for 
storing the samples. The mercury forms a seal between the gas and 
the stopcocks as long as its level does not fall below the opening of 
the inlet. The seal prevents leakage through the stopcocks. All 
danger of leakage into the container is entirely eliminated if the gas 
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sample is placed under slight pressure by forcing in some mercury 
through the gas inlet tube. » 

For convenience and safety in handling, three gas containers are 
mounted together in one portable wooden stand. 


APPARATUS FOR COLLECTING SAMPLES OF SOOT AND TAR. 


_ In the last series of tests with Pittsburgh coal screenings a number 
of samples of soot and tar were collected near the fuel bed with 
the samples of gases. Of the soot and tar samples six were collected 
at the surface of the fuel bed, six samples 11 inches from the fuel bed, 
and six at section A (see fig. 2) of the combustion chamber. The 
location of the soot and tar samplers is shown in figures 4, 5, and 7. 
The sampling tubes used for this purpose were somewhat larger than 
those used for sampling gas alone. The inner metal tube was three- 
eighthsinchin externaldiameter. Into this tube fitted snugly aremov- 
able glass tube which extended to within three-fourths of an inch of 
the furnace end of the metal tube and protruded about 2 inches from 
the outside end, forming a lining which could be pulled out and 
cleaned. The outside end of the glass tube was connected to a filter 
consisting of a glass tube 12 inches long and three-fourths inch in 
diameter, filled with asbestos fiber which had been previously burned 
to remove all combustible material. The fiber was packed around 
a brass-wire spring to prevent its béing drawn by the moving gases 
to one end of the filter tube and stopping it. No fiber was placed in 
the long glass tube forming the lining for the sampling tube. The 
soot and tar was collected partly in the long tube and partly in the 
filter." In order to obtain quantitative data the volume of gas 
drawn through the sampler and the filter was measured with small 
orifices placed in the pipe connection as shown in figure 9. The 
orifices were calibrated with a small experimental gas meter. The 
pressure drop through the orifices was measured with U-tube manom- 
eters connected as shown in the figure. The soot and tar samples 
were collected for a period of 20 to 30 minutes; the pressure drop 
through the orifices was read every five minutes. The readings were 
plotted with time as abscissa and the weight of gas was computed for 
small sections of the curve connecting the plotting points. The 
weight of the gases as thus determined is probably correct within 
25 per cent. 

After a sample of soot and tar had been collected the long glass 
tube was pulled out of the sampler, and the deposit carefully washed 
out with benzol. This deposit, together with that collected in the 
filter, was taken as the sample of tar and soot. 
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ANALYSIS OF GAS SAMPLES. 


The analyses of gas samples were made with modified .Hempel 
apparatus. Mercury was used in the measuring burette, which was 
water-jacketed and provided with’a Pettersson pressure and tempera- 
ture compensating tube. Absorption pipettes of the Lindstrom type, 
fitted with a two-way stopcock and small cup for containing water, 
were used. By the use of pipettes of this type the error due to the 
volume of gas in capillary connections is eliminated. 

The samples of gas were analyzed for CO,, O,, CO, CH,, H,, and 
unsaturated hydrocarbons. Phosphorus was used for the deter- 
mination of O,. CO was determined by absorption in ammoniacal 
cuprous chloride solution; three pipettes were used in series, care 
being taken that the third one always contained a fresh solution. 
The determinations of CH, and H, were made over mercury by the 
slow combustion method with heated platinum coil. The content of 
unsaturated hydrocarbons in the samples collected over the fuel bed 
and at section A was determined by the method of absorption in 
fuming sulphuric acid. 

During the early part of this work a special burette, designed for 
exact analysis and described in Technical Paper 63,7 was used for 
the determinations of CH, and H,. Because of the difficulties of 
obtaining samples with sufficient accuracy to justify exact gas 
analysis, the use of this burette was discontinued. The determination 
of CO,, O,, unsaturated hydrocarbons, and small quantities of CO 
is within plus or minus 0.1 per cent of the volume of the sample. 
With large amounts of CO requiring more than one pipette for 
absorption, and with CH, and H,, the error may reach at times plus 
or minus 0.2 per cent. 


DETERMINATION OF TAR AND SOOT. 


Tar was separated from soot by extraction with hot benzol in 
Soxhlet extraction apparatus. The soluble part was considered tar 
and the insoluble combustible part, soot. 

The tar and soot deposited in the glass sampling tube and filter 
were removed by cleaning thoroughly with asbestos fiber and benzol. 
The asbestos fiber from the filter and that used in cleaning, which 
together contained all the tar and soot, were placed in an alundum 
thimble and extracted on a sand bath until the benzol was colorless. 
The tar, contained in the extraction flask, was freed from benzol by 
passing dry air at room temperature through the flask until the loss 
was less than 1 milligram on successive weighings one-half hour apart. 
The difference between the weight of the flask with tar and that of the 
clean, dry flask is the weight of tar. 


a Clement, J. K., Frazer, J. C. W., and Augustine, C, E., Factors governing the combustion of coal in 
boiler furnaces: Tech. Paper 63, Bureau of Mines, 1914, p. 17. 
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After extraction was completed the alundum thimble containing 
the soot mixed with asbestos fiber was dried to constant weight at 105° 
to 110° C., and the soot burned off in a muffle furnace at red heat. 
The loss a weight of the dried thimble due to burning is the amount 
of soot. 

The method does not yield strictly accurate results for two reasons. 
First, benzol combines to some extent with tar yielding insoluble 
compounds, thereby giving low results for tar and high results for 
soot. The error from this source is not over 5 per cent of the weight 
of the tar. Second, while dry air is being passed at atmospheric 
temperature rien | the flask to remove benzol, some of the light oils 
contained in the tar are driven off with the ee and lost. The 
error from this source is not greater than 2 per cent. 


TEMPERATURE MEASUREMENTS. 


Observations of the temperature within the combustion chamber 
were made at 20-minute intervals in all the tests. The temperatures 
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FicuRE 10.—Comparison of temperatures in combustion chamber at section G, as measured with Hoskins 
thermocouple and Wanner pyrometer. 
were measured with a Wanner optical pyrometer through the side 
holes at sections A and G (see fig. 2) of the furnace and in many tests 
also at C and E. On account of the high temperature and the 
presence of slag in the gases it was not practicable to use thermo- 
couples. 

The. temperature indicated by the optical pyrometer is the tempera- 
ture of the inner surface of the opposite wall when there is no flame. 
When the chamber is filled with flame, the pyrometer measures the 
temperature of the flame. To dennis the relation between the 
temperature of the wall as indicated by the optical pyrometer and 
the temperature indicated by a thermocouple suspended in the path 
of gases, a Hoskins thermocouple was placed at section G with its 
hot junction in the center of the section, and simultaneous readings 
were made with the couple and the optical pyrometer. The results 
are given in figure 10. As shown in the figure the two methods of 
temperature measurements agree within about 25° ©. This relation 


a Weiss, J. M., Free carbon; its nature and determination in tar products: Jour. Ind. and Eng. Chem., 
vol. 6, 1914, p. 279, 
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was determined only for readings that were taken when there was no 
flame present and the gases were transparent. Usually the gases 
leaving the fuel bed carry with them in suspension soot, tar, and a 
small amount of ash. When present in large quantities these sub- 
stances form an opaque cloud of flame which obscures the wall 
beyond, and as the individual particles are incandescent, it is the 
temperature of the cloud or flame that is measured by the optical 
pyrometer and not the temperature of the gases or of the wall. As 
the particles of soot are hot from their own combustion, besides 
receiving heat from the surrounding gases, it is by no means certain 
that the temperature measured by the optical pyrometer is the aver- 
age temperature of the gases and flame passing through the combus- 
tion chamber. 
GAS-PRESSURE MEASUREMENTS. 


Readings of gas pressures were taken at 20-minute intervals on 
all the tests. The pressures recorded were those in the ash pit and 
at sections A and G of the furnace. Ellison inclined-tube draft 
gages were used for this purpose. 


COALS USED IN THE TESTS. 


As previously stated, three kinds of coal were used in the tests, 
namely, Pocahontas, Pittsburgh, and [linois coal. 

The Pocahontas coal used was from the Norfolk mine of the Poca- 
hontas Consolidated Coal Co., at Vivian, W. Va., which works the 
Pocahontas No. 3 bed. The average analysis of two car loads of 
the coal is given in column 2, Table 1 (p. 24). The coal was screened 
at the mine by passing it over a }-inch and through a 1}-inch bar 
screen. In the necessary handling the size of the coal was somewhat 
reduced. Actual sizing tests with wire screens showed the sizes 
given in column 2, Table 2. 

The Pittsburgh coal used came from the No. 4 mine of the Jamison 
Coal & Coke Co., situated 4 miles north of Greensburg, Westmore- 
land County, Pa. The average analysis of the car samples is given 
in column 3, Table 1. The coal was shipped as run-of-mine and 
had to be broken to the desired size before using. Column 3, Table 2, 
gives the percentage of the different sizes of the coal as burned. 
The sizes were determined by running over shaking screens samples 
of coal from several tests. 

The Illinois coal came from bed No. 6, and was mined in the 
Vermilion mine of the Bunsen Coal Co., at Georgetown, Vermilion 
County. The analysis of the coal is given in column 4, Table 1. 
The coal was shipped as run-of-mine and was broken with a hammer 
before using it. The sizes of the coal as it was burned are given in 
column 4, Table 2. 


- 
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In the last series of 23 tests, Pittsburgh coal screenings similar 
in composition to the Pittsburgh run-of-mine coal (column 3 , Table 1)_ 
were used. These screenings, used as regular fuel for the power 
plant of the experiment station, varied greatly in size, the largest 
pieces being about 2 inches across. On the average about one- 
third of the coal would run through a 4-inch screen. ‘This series 
of tests was undertaken with the object of studying the combustion 
between the surface of the fuel bed and section A of the furnace. 
The greater part of the combustible rising from the fuel bed is burned 
in this space, as shown in figure 13. 


TABLE 1.—Analysis of coals used in the tests. 


PROXIMATE ANALYSIS OF COAL AS RECEIVED, 


Poca- Pitts- 


: Tllinois 
Constituent. hontas burgh 
coal. coal. coal. 
Lhe Eg See Gay oe Om Ck ene ee en APACER | Te ay per cent.. 2. 21 2. 51 16.16 
Volatile matters stil” fase fe eee ieee ae do. 22 15. 78 30. 28 34. 09 
PIXOH CALC. s odes ae a cada eS or ho s er e Goaese 71. 65 56. 82 39.19 
(Si Uae Dea Rear ey ae Meee Kena SmN VT doz: 10. 36 10. 39 10. 56 


100. 00 100. 00 100. 00 
— ee Eee 


ULTIMATE ANALYSIS OF DRY COAL. 


PUVGIOSON J o5. nad doe bee oe ee ee ee per cent... 3. 92 4, 82 4. 66 
Car bOnt. artic bc) ap cana. Glisten A dd ec pl ceue Bue do.... 80. 90 76. 57 69. 63 
BRUPOCERL oe cet fe as is a et eee ee nee Re BOE age ic = do 1. 06 1.55 1. 49 
Oe p Oe yus. A eedigs tip eB ee. 5-ee aon cote eae do 2.97 4,99 9. 55 
SUPDNOE eo idence van ok ee ean pane Nee eee ee do - 56 1. 41 2. 08 
SDs bs cit ee ay pu. Pa ee ee pal ee de, ee eC acleeee do 10. 59 10. 66 12.59 
100. 00 100. 00 100. 00 

Calorific value per pound, as received................-.--.2-2--- B.. t. te 2) hs Fee 13, 365 10, 433 


TABLE 2.—Sizes of coal as burned. 


[Square holes in screen.] 


Per cent by weight. 


Size of coal. 
Poca- Pitts- 


hontas. | burgh, | Hlinois. 
Through %-inch mesh...... JS ei eS ae ee Ms SIN NTR NK OR nn =H 5 10 16 
Over §-inch and through }inch mesh s:ccycu - Aeon Tilda. cud lie. as 5 8 12 
Over z-ineh’and through $-ineh mesh. 50. 05. Ao clots ok vce on ees 6 14 21 
Over inch and through 1-inch mesh -vevy..). <.2skaagin - sen. lgsisdinee 62 23 27 
Over'l-inch and through 14-inch mesh --.... 220. Fitts, 22 45 24 
100 100 100 


AETHOD OF SAMPLING. 


A car sample was taken at the time of unloading the cars and sent 
to the chemical laboratory for proximate and ultimate analysis and 
determination of heat units. During each test a sample of about 
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100 pounds was collected and a part of it submitted for proximate 
analysis. A sample of ash and refuse was collected at the close of 
each test for the determination of the percentage of combustible. 


RESULTS OF THE EXPERIMENTS. 


In all, 100 tests with complete sets of observations were made. Of 
these, 23 tests were with Pocahontas run-of-mine coal, 37 with Pitts- 
burgh run-of-mine coal, 17 with Illinois run-of-mine coal, and 23 
with Pittsburgh screenings. With each coal, tests were run at rates of 
combustion of 20, 30, 40, 50, and 60 pounds of coal per square foot of 
grate per hour. A series of three or more tests was run with each 
rate of combustion, the tests in any one of these series being run with 
different airsupply. Thus there were investigated three factors—the 

kind of coal, the rate of combustion, and the air supply. 


VARIATION OF CONDITIONS DURING TESTS. 


Notwithstanding the provisions made in designing the apparatus 
and the care taken in its operation, conditions varied considerably 
during the tests. These variations are shown graphically in figures 
11 and 12. Perhaps the most serious variation affecting the results 
of the tests is that of the percentage of CO, in the furnace gases. This 
variation seems inherent with the stoker, as the coal on the upper 
part of the stoker caked instead of sliding down uniformly. On 
account of this caking, bare spots frequently appeared below the 
crusted area; the crust had to be broken and the holes covered with 
coal brought down with a hand tool. These holes and the work of 
covering them caused irregular air supply and resulting variation of 
CO, in the gases. The change in temperature along the chamber is 
due to heat absorption by the gas samplers and other causes explained 
in the discussion of temperature variation in pages 109 to 111. 

Experiments made on a large scale approximating commercial con- 
ditions are subject to variations that do not occur in small laboratory 
apparatus in which the conditions of operation can be more accu- 
rately controlled. Tests with small laboratory apparatus have the 
drawback that one is never sure to what extent the results obtained 
are applicable to commercial types of furnaces. In choosing appara- 
tus for experiment one has the alternative of equipment of nearly 
commercial type and size with large variation of operating conditions, 
or a small furnace with controllable conditions giving accurate results, 
which, however, may not be applicable to furnaces of commercial 


S1ze. 
TABULATED RESULTS. 


The results of the test are given in Table 3 and are arranged as fol- 
lows: (1) The tests are grouped according to the kind of coal used; 
(2) tests with the same kind of coal are grouped according to the rate 

91662°—17—Bull. 135-——3 
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of combustion; and (3) the tests with nearly the same rate of com- 
bustion are arranged according to the air supply. 

On tests 104 to 118, inclusive, of the series with Pocahontas coal, 
duplicate sets of gas samples were collected. The sets are denoted as 
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FIGURE 11.—Variation of conditions and period of sampling in test 179. 


104-1, 104-2, 105-1, 105-2, etc. In tests with the Pittsburgh screen- 
ings, 12 to 21 gas samples were taken at sections in front of section A 
of the combustion chamber, At these sections and at section A were 
collected also 18 soot and tar samples. 

In Table 3 the tests are grouped according to the kind of coal used 
in the tests. Column 1 gives the serial number of the test and 
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column 2 the weight of coal fired per square foot of grate per hour. 
The figures given in this column were obtained by dividing the total 
weight of coal by the length of test in hours given in column 3, and 
by 25, which is the projected area of the grate in square feet. 
Column 3 gives the time of starting and stopping the test, from which 
may be obtained the total length of test in hours. This includes the 
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FIGURE 12.—Variations of conditions and period of sampling in test 173. 


entire period during which coal was weighed and burned at the 
desired rate. 

Column 4 gives the length of the part of the test used for obtaining 
the averages of gas pressures and temperatures. ‘This period started 
30 to 60 minutes before the collection of gas samples was begun, and 
ended 30 to 60 minutes after the collection of gas samples was 
completed, 
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Column 5 gives the period during which the samples of gas were 
collected. The three different periods of columns 3, 4, and 5 are 
indicated in figures 11 and 12. 

Column 6 shows in what section of the furnace the gas samples were 
collected. The situation of the sections is shown in figures 2, 4, 5, 6 
and 7. In theseries of tests with Pittsburgh screenings the two figures 
above A, column 6, indicate the distance in inches of the intake of 
the sampler from the surface of the fuel bed. Thus, 0 indicates that 
the sampler was just at the surface of the fuel bed, and 11 indicates 
that the sampler was 11 inches above the surface of the fuel bed. 

Columns 7 to 12 give the percentages of CO,, unsaturated hydro- 
carbons, O,, CO, CH,, and H, in the gases, as determined by analysis. 
The figures given in these columns are the averages of six to nine 
samples. 

Column 13 gives the percentage of N, in the gases, this percentage 
being determined by difference. 

Column 14 gives the percentage of total gaseous combustible in the 
furnace gases. ‘The value in this column is equal to the sum of the 
values in columns 8, 10, 11, and 12. 

Columns 15 and 16 give tie weights of tar and soot in ‘grams per 
cubic foot of gas. The values are determined from the soot and tar 
collected in the sampling tube and the filter and from the measured 
volume of gas drawn through the sampler. The determination is 
correct within about 25 per cent. 

Column 17 shows the temperatures at sections indicated in column 
6. The temperatures were determined with a Wanner optical 
pyrometer. 

Column 18 gives the weight of air used in burning 1 ‘peukd of 
combustible. The values are calculated from the analyses of gases 
collected at section G or H of the furnace and from the composition 
of the combustible in the coal. The weight is calculated by means of 
the formula: 


uh OY , N, = 
W=3.03 O(cospadram) 


W=pounds of air supplied per pound of combustible burned. 
C=Weight of carbon in pounds per pound of moisture and ash free coal. 
N., CO,, CO, and CH,=percentages in the furnace gases at section G or H. 


The amount of combustible burned is equal to the amount fired 
minus the amount of combustible in the refuse. | 

Column 19 gives the excess of air used in the combustion, expressed 
in percentage of the weight of air theoretically needed to completely 
burn 1 pound of combustible. The excess is equal to the weight of 
air actually supplied to the furnace minus the weight theoretically 
needed. The excess air is expressed as a percentage of the weight 
theoretically required. The weight of air theoretically required is 
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computed by means of the formula, A =34.48H+11.58C0+ 4.336 
(S—O), in which H, C, S, and O are the percentages of hydrogen, 
carbon, sulphur, and oxygen in moisture and ash free coal. The 
formula is not exact, because (1) it rests on the assumption that the 
composition of the combustible matter in the refuse is the same as 
the composition of the moisture and ash free coal fired; (2) no cor- 
rection is made for the combustible matter that may be carried away 
with the furnace gases as tar and soot; and (3) no correction is made 
for the nitrogen in the coal. The assumption that the composition 
of the combustible matter in the refuse is the same as the composi- 
tion of the moisture and ash free coal is obviously not correct, the 
combustible in the refuse being largely carbon with very little vola- 
tile matter in it. Consequently the weight of carbon in the furnace 
gas per pound of combustible burned is somewhat less than the 
value C, which is obtained from the ultimate analysis of the coal. 
The error from this assumption regarding the combustible matter 
in the refuse is probably not over 1 per cent, as was shown in Tech- 
nical Paper 63.4 

Column 20 gives the pressure of air in the ash pit in inches of 
water above the atmospheric pressure. Column 21 gives the pres- 
sure of gases over the fuel bed in inches of water. below the atmos- 
pheric pressure. The values in these columns are each the average 
of a number of readings obtained either with an Ellison inclined tube 
draft gage or with a recording ‘‘hydro”’ gage. 

Column 22 gives the pressure of the gases at section H in the com- 
bustion chamber and column 23 the pressure of the gases in the up- 
take of the Heine boiler. The values given in these columns are 
each the average of a number of readings obtained with an Ellison - 
draft gage. The table follows. 


2 Clement, J. K., Frazer, J. C. W., and Augustine, C. E., Factors governing the combustion of coal in 
boiler furnaces, a preliminary report: Tech. Paper 63, Bureau of Mines, 1914, p. 30. 
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DISCUSSION OF COMBUSTION PROCESS IN COMBUSTION 
| SPACE. 


The combustion process in the combustion space above and beyond 
the fuel bed is well illustrated in figure 13, which gives the percentage 
of the main constituents of the furnace gases at various sections of 
the long combustion chamber. The figure represents the actual con- 
ditions of test 187. The ordinates are the percentages of gases by 
volume; the abscissa has two scales—namely, volume of combustion 
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FIGURE 13.—Progress of composition of furnace gases at various distances above the fuel bed. Test 187, 
Pittsburgh screenings; rate of combustion, 35.6; sampling period, 20 minutes. 


space in cubic feet and the average length of gas travel from the 
surface of the fuel bed. The points representing the composition of 
gases at the surface of the fuel bed are the averages of seven samples; 
at 1 foot from the surtace of fuel bed, eight samples; at A, six samples; 
and at C, E, and G, nine samples. | All of these 48 gas samples were 
taken simultaneously over a period of 20 minutes. The rate of com- 
bustion was 35.6 pounds of coal per square foot of grate area. The 
coal used was Pittsburgh screenings. The curve labeled “total 
combustible” represents the sum of combustible gases as given in 
Table 3, column 14. 
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The curves show that the gases leaving the fuel bed contain over 
25 per cent of combustible gases, about one per cent of O,, and 7 per 
cent of CO,. Before these gases reached section A, enough air was 
added to make the total air supply exceed the amount theoretically 
needed by 19 per cent. Most of this air was added through the 
tuyéres very near to the surface of the fuel bed, and in a way that 
facilitated its mixing with the combustible gases rising from the fuel 
bed. The mixing is illustrated in figure 7. The progress of com- 
bustion is indicated by the drop of the total combustible curve and 
the rise of the CO, curve. The change in the composition of the gases 
indicated by these two curves show that the combustion is most 
rapid within a foot from the surface of the fuel bed; as the gases 
pass farther away from the fuel bed the rapidity of combustion 
decreases. At a distance of 133 feet from the grate there is very 
little combustible gas left, showing that combustion is practically 
complete. 

The length or the volume of the combustion space required for 
practically complete combustion seems to depend chiefly on the 
percentage of excess air, the rate of combustion, and the kind of coal. 
It is mainly these three factors that have been investigated in the 
series of tests reported in this bulletin. 

The effect of these three factors on the length or volume of the 
combustion space required for practically complete combustion is 
shown in a general way in figures 14 to 18, inclusive. These 
figures are compiled from the 100 tests shown in Table 3. The curves 
were plotted with the percentage of gaseous combustible in furnace 
gases as ordinates and the length and volume of combustion space as 
abscissas. In these figures and those that follow the length of the 
combustion space in feet is shown at the bottom of the figure, as are 
the corresponding volumes in cubic feet. Near the fuel bed the vol- 
ume is much larger per foat of length of gas travel than it is in the 
uniform cross section of the combustion chamber. 

The tests are grouped according to the kind of coal, and according 
to the rate of combustion. Within each group having the same rate 
of combustion, individual tests were made with different percentages 
of excess air. To prevent the diagrams from being crowded, only 
the curves giving the total combustible gases were plotted, those 
showing CO, and O, being omitted, and when more than one test 
was run with nearly the same excess of air, a curve giving the average 
of these tests has been plotted instead of each test being plotted 
separately. ‘The general shape of the curves is the same as that of 
the combustible curve shown in figure 13. The rapidity of combus- 
tion is highest near the fuel bed, and decreases as the gases flow 
farther away. 
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Comparison of the different curves showing the same rate of com- 
bustion indicate that when the air excess is large the proportion of 
combustible gases is less at any given cross section of the furnace, 
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FiGuRE 14.—Relation between the percentage of gaseous combustible in furnace gases and the length and 
volume of combustion space, as shown by tests made with Pittsburgh screeningsat rates of combustion 
of approximately 20, 30, and 40 pounds. 


and the combustion is practically complete in a smaller combustion 
space than when the excess of air is small. Some of the curves and 
individual points fall out of place. The three main causes of 
these irregularities are (a) lack of constancy in mixing of the com- 
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bustible rising from the fuel bed with the air supplied over the fire; 
(b) the difficulty of obtaiming a fair average sample; and (c) the fact 
that the rate of combustion during the short sampling period may 
not have been the same as the average rate of the whole test. These 
three factors are discussed below. 

Under normal conditions the air supplied over the fuel bed is 
introduced through the tuyéres as a large number of small jets. 
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FicurE 15.—Relation between the percentage of gaseous combustible in furnace gases and the length and 
volume of combustion space, as shown by tests made with Pittsburgh screenings at rates of combustion 
of approximately 50 and 60 pounds. , 


This method of introducing the air produces relatively good mixing. 
When, however, all the air can not be supplied through the tuyéres 
and part of it must be introduced either through the firing door or 
through the coal magazines, the air thus admitted enters im large 
streams and does not mix readily with the combustible; the gases 
tend to remain stratified and in spite of the large excess of air the 
combustion does not proceed much faster than when the air is in- 
troduced only through the tuyéres. 
91662°—17—Bull. 185——5 
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FIGURE 16.—Relation between the percentage of gaseous combustible in furnace gases and the length and 
volume of combustion space, as shown by tests made with Pocahontas coal at rates of combustion of 
approximately 20, 30, 40, 50, and 60 pounds. 
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FIGURE 17.—Relation between the percentage of gaseous combustible in furnace gases and the length and 
volume of combustion space, as shown by tests made with Pittsburgh run-of-mine coal at rates of com- 
bustion of approximately 20, 30, 40, 50 and 60 pounds. 
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Obtaining a fair average sample of furnace gases from the space 
over the fuel bed, where the gases are greatly stratified, is particu- 
larly difficult. This difficulty can be better appreciated by examin- 
ing figure 7 (p. 17) which shows the streams of gases and the position” 
of gas samplers over the fuel bed. The upper holes of the two side 
rows of gas samplers are in the path of the air coming in through 
the tuyéres. Asaresult of this position the average of the gas samples 
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FIGURE 18.—Relation between the percentage of gaseous combustible in furnace gases and the length and 
volume of combustion space, as shown by tests made with Illinois coal at rates of combustion of ap- 
proximately 20, 30, 40, 50, and 60 pounds. ‘ 


collected 1 foot from the surface of the fuel bed is too high in free 
oxygen and too low in total combustible content. This statement 
is confirmed by the results shown in figures 14 to 18, inclusive; the 
points giving the percentage of combustible 1 foot above the fuel 
bed appear to be all too low, in fact some of them are considerably 
lower than the points representing samples taken at section A. In 
drawing the curves the pomts representing samples taken 1 foot 
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from the fuel bed and those for samples at section A have been 
given equal weight and the line passes about midway between the 
two points. Perhaps the curves should have been passed nearer to 
the points representing samples from section A. 

Although the coal was fed to the magazines at a uniform rate 
throughout the entire length of a test, the rate of combustion dur- 
ing the sampling period may have been either lower or higher than 
that shown by the average for the test. Variation in the rate of 
combustion is apt to occur even with the most careful control of the 
fire. All the four coals tested tended to cake and to accumulate on 
the portion of the grate near the magazines, while farther away 
wide cracks formed in the fuel bed and bare spots on the grate. 
Consequently the caked coal had to be frequently pulled down over 
the cracks and bare spots by the furnace attendant. Under such 
conditions it is possible for the instantaneous rate of combustion to 
vary 25 per cent below or above the average rate for the entire test. 

Comparison of the different groups of curves in figures 14 to 18, 
inclusive, show that with higher rates of firing more combustion space 
is needed to obtain nearly complete combustion than when the rate 
of firing is low. These figures show this relation only in a general 
way, because the tests with different rates of firing were not run 
with absolutely the same excess of air. The air supply was the 
most difficult factor to control. In plotting figures 28 to 30 (pages 
73 to 75), some points were interpolated in order to reduce the 
effect of variation in air supply. 


UNDEVELOPED HEAT OF FURNACE GASES ALONG THEIR PATH 
OF TRAVEL. 


The curves of figures 14 to 18, inclusive, are somewhat misleading. 
The low percentage of combustible in the furnace gases when the 
excess of air is large is not entirely a result of improved combus- 
tion, but to some extent is due to the dilution of the gases with air. 
It is evident that with a large excess of air, the percentage of com- 
bustible gases is less, even if there be no improvement in the com- 
bustion. Therefore, when the air supply is varied the percentage of 
combustible gases does not reliably indicate the completeness of com- 
bustion. To eliminate the effect of this dilution with air, the content 
of gaseous combustible was expressed as a percentage of the calorific 
value of the coal; that is, the amount of unburned combustible gases 
represents so many per cent of the total heat value of the coal. In 
making this change each constituent of the combustible gases was 
given its heat value. The unsaturated hydrocarbons were consid- 
ered as C,H, The following is the general formula used in the 
calculation: 

He SCR Te 
12(CO,+CO+CH,+20,H,) X heat of moisture and ash free coal 
per cent of carbon in moisture and ash free coal. 
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In the formula H is the undeveloped heat of the combustible gases © 
in the furnace, expressed as a percentage of the total heat value 
(B. t. u. per pound) in the coal, and CO,, CO, CH,, H,, and C,H, are 
the percentages of the respective gases as determined by volumetric 
analysis. With Pittsburgh coal this formula reduces to the follow- 
ing simpler form: 


770800-+179CH, +59H,+2850,H, 


GO,+C0+CH,+2C,H, 


The heat values thus obtained are only approximate, because the 
equation does not take into account the carbon rising from the fuel 
bed in the form of soot and tar, but are within a few per cent of the 
correct value. The maximum error is probably not over 5 per cent. 
To get the correct value for the undeveloped heat, both the numer- 
ator and the denominator of the equation should contain the soot 
and tar terms. To incorporate these two terms in the equation 
would be difficult, because the exact composition of the tar and the 
soot and their heating values are not known. Furthermore, both the 
gases and the tar and soot would have to be reduced to a common 
basis of percentage by weight, and it is difficult to obtain the soot 
and tar sample accurately. As the equation stands 4 is too high 
and approaches the correct value as the tar and soot disappear from 
the furnace gases. 

The values of H determined by the equation were plotted as ordi- 
nates with the length and volume of combustion space as abscissas. 
The results so plotted are given in figures 19 to 23, inclusive, the tests 
being arranged in groups similar to those in figures 14 to 18. Each 
eroup contains the results of tests with the same coal at the same 
rate of combustion, but different amounts of excess air. To avoid 
crowding in the illustrations, when there is more than one test with 
the same excess of air, the averages of these tests are plotted instead 
of each test being plotted separately. The test number and the per- 
centage of excess of air are shown within the small circles attached 
to each curve. 

The curves are similar in shape to those in figures 14 to 18, which 
are plotted on the percentage of combustible gas as ordinates, with 
the exception that the rise on the left is steeper. As mentioned in 
previous paragraphs the points at the left are too high on account 
of the large amount of tar and soot carried by the gases near the sur- 
face of the fuel bed. ) 

It is interesting to note that at’ the surface of the fuel bed the 
combustible gases represent 35 to 65 per cent of the total heat value 
of the coal. This means that under ordinary operation of the side- 
feed furnace about one half of the total heat in the coal is developed 
in the fuel bed, the other half being developed in the combustion 
space. Among other factors, it depends upon the size of the com- 
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FIGURE 19.—Relation between the completeness of combustion and the length and volume of combus- 
tion space, as shown by tests made with Pittsburgh screenings at rates of combustion of approxi- 
mately 20, 30, and 40 pounds. 
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bustion space how much of the 50 per cent of heat left in the com-— 
bustible rising from the fuel bed is developed. ‘The curves of figures 
19 to 23 show this relation of completeness of combustion to the 
length and volume of the combustion space, and also the effect of 
the excess of air and the rate of firing on the completeness of combus- 
tion at the various sections of the combustion space. | 
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FIGURE 20.—Relation between the completeness of combustion and the length and volume of combus- 
tion space, as shown by tests made with Pittsburgh screenings at rates of combustion of approxi- 
mately 50 and 60 pounds. 


In general, the curves of figures 19 to 23 show that when the excess 
of air is increased the combustion requires less space to become 
nearly complete. A few tests do not seem to conform to this princi- 
ple, and their curves fall out of place. There may be several reasons 
for this discrepancy, the three principal ones being those already 
stated on pages 56 and 57 in connection with figures 14 to 18. 
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FIGURE 21.—Relation between the completeness of combustion and the length and volume of combus- 
tion space, as shown by tests made with Pocahontas run-of-mine coal at rates of combustion of ap- 


proximately 20, 20, 40, 50, and 60 pounds. 
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FIGURE 22.—Relation between the completeness of combustion and the length and volume of combus- 
tion space, as shown by tests made with Pittsburgh run-of-mine coal at rates of combustion of approxi- 
mately 20, 30, 40, 50, and 60 pounds. 
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FIGURE 23.—Relation between the completeness of combustion and the length and volume of combus- 
tion space, as shown by tests made with Illinois run-of-mine coal at rates of combustion of approxi- 
mately 20, 30, 40, 50, and 60 pounds. 
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EFFECT OF THE PERCENTAGE OF EXCESS AIR AND THE RATE OF 
FIRING ON COMPLETENESS OF COMBUSTION. 


The effect of the percentage of excess air on the completeness of 
combustion is shown better in figures 24 to 27. In these figures the 
undeveloped heat represented by the combustible gases at each cross 
section is plotted as ordinates with the percentage of excess of air 
as abscissas. Each figure represents one coal, and each group of 
points one section of the combustion chamber. The rate of com- 
bustion is indicated by the size or shape of the plotting pomts. The 
curves thus obtained show that at any of the cross sections beyond 
section A the percentage of the undeveloped heat increases as the 
excess of air becomes smaller. This relation is rather definite, 
although there are not enough tests with each rate of combustion to 
give a smooth individual curve. However, the points representing 
tests with rates of combustion of 40, 50, and 60 pounds invariably fall 
higher than the points representing rates of 20 and 30 pounds, Thus 
by dividing each series of tests into two groups, one including all 
tests with rates of 40, 50, and 60, and the other with rates of 20 and 
30 pounds, a sufficient number of tests is obtained to draw two 
smooth curves, one representing approximately a rate of 50 and the 
other a rate of 25 pounds. In the series of tests with the Pittsburgh 
screenings even this grouping does not give enough points for the 
drawing of two reliable curves. 

From the curves of figures 24 to 27, four sets of curves were obtained, 
showing the completeness of combustion along the path of gases, for 
the two average rates of firing and the four constant excesses of air. 
Figure 28 shows a set of these curves representing the series of tests 
with the Pittsburgh run-of-mine coal. The points used for obtaining 
these curves are the intersection points of the vertical lines repre- 
senting constant amounts of excess air with the curves of the two 
average rates of combustion in figures 24 to 27. The curves them- 
selves have little significance, hence only one set is presented, and 
were prepared only for compiling the more significant curves shown 
in figures 29 and 30. 


SIZE OF COMBUSTION SPACE REQUIRED FOR ANY DESIRED COM- 
PLETENESS OF COMBUSTION, RATE OF FIRING, AND EXCESS OF 
ATR. 


The relation between the required size of combustion space and 
any given rate of firing, excess of air and the completeness of com- 
bustion is given in figures 29 and 30. Each of these figures gives 
this relation for two of the four coals tested. The curves to the 
left of the heavy vertical line dividing the figure into two equal parts 
represent Illinois coal and those on the right, Pocahontas coal. 
Each half of the figure shows seven groups of curves, each group 
representing one degree of completeness of combustion, and each 
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curve in any one group one percentage of excess of air. 
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In reality 


each group is a complete figure in itself, having for ordinates rates 
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FIGURE 24.—Effect of the percentage of excess air on the completeness of combustion at various cross 
sections of the long combustion chamber, as shown by tests made with Pittsburgh screenings. The 


different rates of combustion are indicated by the size and shape of the points. 


of firing ranging from 20 to 60 pounds, and for abscissa the size of 
combustion space, the latter being given in four scales at the foot 
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of the figure. Reading from top to bottom, the first scale gives the 
combustion space in cubic feet; the second scale gives the ratio 
of the combustion space to the area of grate, or the number of cubic 
feet of combustion space to each square foot of grate area; the 
third gives the average length of the path of gas travel; and the fourth 
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FIGURE 25.—Effect of the percentage of excess air on the completeness of combustion at various cross 
sections of the long combustion chamber, as shown by tests made with Pocahontas coal. The different 
rates of combustion are indicated by the size and shape of the points. 
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gives the sections at which gas samples in the long combustion 
chamber were collected. 

The curves are drawn as a straight line for the reason that only 
two points were determined for each curve, the two points being 
obtained by averaging and partly by interpolation. The curves 
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are approximate within perhaps 10 to 20 per cent. If it were possible 
to determine more than two points accurately the curve would very 
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FIGURE 26.—Effect of the percentage of excess air on the completeness of combustion at various cross 
sections of the long combustion chamber, as shown by tests made with Pittsburgh run-of-mine coal. 


Different rates of combustion are indicated by differently shaped points. 


likely approximate the shape of the letter S, similar to that shown 


by the dotted curves in the middle of figure 29. 
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FIGURE 27.—Efiect of the percentage of excess air on the completeness of combustion at various cross sec- 


tions of the long combustion chamber, as shown by tests made with Illinois coal. 


combustion are indicated by differently shaped points. 
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FIGURE 28.—Completeness of combustion along the path of the gases with four percentages of excess of air 
and average rates of combustion of 25 and 50 pounds, as shown by tests made with Pittsburgh run-of- 
mine coal. 
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FIGURE 29.—Results of tests with Tlinois and Pocahontas coal showing relation between the required size of 

’ combustion space, a given completeness of combustion, the rate of firing, and the percentage of excess air. 
Curves on the left are for Illinois coal; those on the right for Pocahontas coal. Figure on each curve 
indicates percentage of excess air; figures at left margin opposite each group of curves indicates percentage 
of undeveloped heat and rate of combustion. Figures at the bottom indicate volume of combustion space, 
ratio of volume of combustion space to grate area, length of path of gas travel, and sections at which 
gas samples were collected in combustion chamber. 


33 2 
SS gad ode oa alate 
Res 38. SE OEA Sol 
32 = oa eh Illinois mae 
ov 
mec ee SRR E CS fe 
ee Ca a ea ae 
| 
a 
0 es nna a 
: Att a 
(ay Yee HZ A 
tA AA EP ee ee 
SSSR ERR eee eee eee e eee 
a ide ee 
A wes PEA 
ea SYA ee 
ee as ta a ee 
il in Sa me Pe | 
ae cas Ba estes a 
a P| 4 Poa) 
Coes pee ee este en ea 
og BeesS? a 
: Bere ees ol 2 
ne ae Lane bee 
eed Pal a 
ee ib da 
ee ey 
7 aid re 
2.0— ae eee 
eis 
Ee 
eee = 
- Basis ey 
10 an aa 
73) 
ite Sra be | 
(i ao 
Lobes ded | 
a des 
ee = Be eae 
| bled we Le] 
ea eee Lae 
| jag sae S24 
Volume, cu. ft. “15¢ | 300 


COMBUSTION PROCESS IN COMBUSTION SPACE. iD 


' 
$a n 
eer esa| «| Agee ane 2 Be 
a € el | 
Boz se EEE HEHEHE 
Vg fo} 
ae eat ert reise fs 
DeBe4a Peereess Pittsburgh } Pittsburgh 
‘oaearsuill py taba pone EEE perngina 
me wideth 7h) eter hoe ial io) 
i) Seas rae ee 
Deemed ht eb blll 
ool [Sie las [usally i Te] 
ey VERT Gd 


amt fe aumeeeae Hani pinaiapa eer 
Hd Rie ey ere Paraleare 
errr Saneeeee ead inv ad dd nal 


2 pile Posted ghoel-tbe 
VAL Fee ate ee 
Wiinseaaee ay 7 a Ladle 
50— TV Abe Elbo 
eA ce sia ia dd Ed ald 
rela ipe bactee tteoe 
) 
oe Py Zane Beane 
OA er IL 2aoeenee 
wre a 
jeaadauseeeeusueds HEP FEE 
Peseta al abt Re 
HAA = ane : 
pa bal 
ee eee rrr a EEE i 
Ane Ana aa HB | " 
SSSe0EeeRR nl 
Ee | 


ts / 
eee Ala | 
BY, saan Ht 
Ii wes Ss cia aaa 
50 ei 
to grate area 4 


| 
Distanees thas 9 4 #19 2% 29 34 39 5 9 14 : “ie 29 h 39 
Section A B CC ee er) GC A B ¢€¢ Dek oF. Gierk 


Volume, cu. ft. 50 
Ratio of volume |! 


FIGURE 30.—Results of tests with Pittsburgh run-of-mine and Pittsburgh screenings showing relation 
between the required size of combustion space, a given completeness of combustion, the rate of firing, 
and the percentage of excess air. Curveson the left are for run-of-mine coal; those on the right, for screen- 
ings. Figure on each curve indicates percentage of excess air. Figures at left margin opposite each 
group of curves indicate percentage of undeveloped heat and rate of combustion. Figures at the 
bottom indicate volume of combustion space, ratio of volume of combustion space to grate area, length 
of path of gas travel, and sections at which gas samples were collected in combustion chamber. 
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however, that between the two points the curves are very nearly 
a straight line, and inasmuch as the two points cover the rates of 
combustion used in small and large power stations, the curves have 
considerable practical value in furnace design for the determination 
of the size of combustion space when other conditions are given. 
The curves for the first three coals are more accurate than those 
obtained with the Pittsburgh screenings, because with the latter not 
enough tests have been made to insure reliable average points. 
It is well to state that the series of tests with the Pittsburgh screen- 
ings was run mainly with the object of studying the combustion 
immediately over the fuel bed, and therefore efforts were made to 
obtain data for that purpose. 


PRACTICAL APPLICATION OF RESULTS. 


The curves of figures 29 and 30 can be used for determining the 
size of the combustion space required for given conditions, in the fol- 
lowing manner: 

Suppose that it is desired to design a furnace that will burn Illinois 
coal at the rate of 40 pounds per square foot of grate per hour with 50 
per cent excess of air and with an incomplete combustion of only 
2, per cent of the heat in the coal as fired. For the solution of this. 
problem the left half of figure 29 can be used and the group of curves 
designated by 2 per cent (undeveloped heat) at the left margin. 
From the intersection point of the horizontal line of 40 pounds of 
rate of combustion with the curve of 50 per cent excess of air, a ver- 
tical line is followed to the bottom of the figure, where in the second 
scale the size of the combustion space is found to be 5.8 cubic feet 
to every square foot of grate. The third scale indicates that the 
length of gas travel for this condition should be about 18 feet. The 
first scale at the bottom indicates that with the experimental furnace 
about 145 cubic feet of combustion space was needed to satisfy the 
given condition, the space extending to within one foot of section D, 
as indicated by the lowest scale. 

If Pocohontas coal is to be burned under the same condition, the 
required size of the combustion space is obtained from the group of 
curves, designated by 2 per cent (undeveloped heat), in the night 
half of the same figure. From the intersection point of the horizontal 
line of rate of combustion of 40 pounds with the curve of 50 per cent 
of excess of air the vertical line is followed to the bottom of the figure, 
- where the second scale indicates that about 3.2 cubic feet of combus- 
tion space is needed for every square foot of grate area, and that the 
length of the gas path should be about 10 feet. : 

When Pittsburgh run-of-mine coal is to be burned, itis found im the 
same manner from the left half of figure 30 that the same results can 
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be obtained with a volume to grate ratio of about 3.9 and an average 
length of gas travel of about 12 feet. 

Thus the three coals, Pocahontas, Pittsburgh, and Illinois coal, 
require 3.2, 3.9, and 5.8 cubic feet of space per square foot of grate 
respectively, to burn 40 pounds of coal per square foot of grate per 
hour, with 50 per cent excess of air and incomplete combustion of 2 
per cent of the total heat in the coal fired. 

According to the right half of figure 30, when burning Pittsburgh 
screenings only about 3.1 cubic feet of combustion space is required 
per square foot of grate to burn the coal with the same results. Thisis 
about the same combustion space as that required to burn the Poca- 
hontas coal. The results of the tests with Pittsburgh screenings, 
however, are not comparable with those obtained with the other 
three coals because with the Pittsburgh screenings the mixing of the 
gases was much better. As stated on page 76 the series of tests with 
the Pittsburgh screenings was undertaken in order to study the com- 
bustion immediately over the fuel bed. For that purpose nine sam- 
pling tubes were inserted through the arch into the space over the 
fuel bed. The arch was a double one with an air space between its 
two parts, as shown in figure 38. This air space was connected with 
that supplying air to the tuyéres, so that the air between the two parts 
of the arch was under the same pressure as the air entering the tuy- 
éres. The holes in the arch for the insertion of the sampling tubes 
were unavoidably made somewhat larger than the tubes, with the 
result that air leaked around the sampling tube from the air space 
between the two parts of the arch into the furnace. Leakage through 
the outer arch was prevented by packing asbestos rope around the 
tube, but there was no effective way of preventing the leakage in the 
inner arch. As a result of this leakage there were nine small streams 
of air injected into the furnace and evenly distributed over the area 
of the grate so that the air mixed readily with the combustible gases, 
thus making the combustion over the fuel bed more rapid than was 
the case with the other series of tests where there was no leakage 
through the arch. The series of tests with the Pittsburgh screenings 
shows the effect of mixing on the rapidity of combustion. 


EFFECT OF LENGTH OF GAS TRAVEL ON THE COMPLETENESS OF COMBUSTION. 


When considering the volume of combustion space, it is well to add 
that the length of the gas travel is probably an important factor. It 
seems that a long narrow combustion space is more efficient in burn- 
ing the gases than a short wide one having the same cubical space. 
In the long narrow space the gases travel with a higher velocity, 
which promotes mixing and therefore quickens the combustion. In 
the short wide space the gases remain the same length of time, but 
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travel slower. On account of this slower movement the gases are 
less agitated and tend to travel in stratified streams. Therefore there 
is less mixing and the combustion is slower. It is advisable that in 
using the data of figures 29 and 30 in designing a furnace the path of 
the gases should be made nearly as long as in the experimental fur- 


nace if practicable. 
1) 


EFFECT OF COMPOSITION OF COAL ON THE SIZE OF COMBUSTION 
SPACE REQUIRED. 


Coals having different composition require different sizes of com- 
bustion space. The chemical characteristics that are most likely to 
affect the size of the combustion space required for a given set of 
conditions are the quantity and quality of the volatile matter. 
The quantity of the volatile matter is shown by its percentage as 
determined by the proximate analysis. The quality of the volatile 
matter is indicated approximately by the ratio of volatile carbon to 
available hydrogen, and probably also by the oxygen content of the 
coal on a moisture and ash free basis. The principal chemical 
characteristics of the three coals tested are given in Table 4 following. 
Items 1, 6, and 7 of the table give the three mentioned factors which 
are most likely to affect the burning qualities of any coal. Roughly 
speaking, the characteristics of the three coals as given in items 1 and 
6 increase in about equal steps from Pocahohtas to Pittsburgh, and 
from Pittsburgh to Illinois coal. On the other hand, the difference in 
the oxygen content between the Pittsburgh and the Illinois coal is 
much larger than it is between the Pocahontas and the Pittsburgh 


coal. 
TABLE 4.—Chemical characteristics of the three coals tested. 


Pocahontas} Pittsburgh | Illinois 


No Ttem. coal. coal. coal. 
1 | Volatile matter in moisture and ash free coal....-.... per cent. . 18.05 34. 77 46. 52 
2 | Fixed carbon in moisture and ash free coal...........-.- dows 81.95 65. 23 53. 48 
3. «Carboninimoisture and ash freecoal. vices. fe. . ae: das. 90. 50 85. 7 79.7 
4 | Volatile carbon in moisture and ash free coal............ 6 Lae 8. 55 20. 47 26. 22 
5 | Available hydrogen in moisture and ash free coal-.....--.- doles: 3. 96 4.70 3. 96 
6 | Ratio of volatile carbon to available hydrogen...........do.... 2.16 4.35 6.6 
7 | Oxygen in moisture and ash free coal..-...............-- dO ve 3.32 5. 59 10. 93 
8 | Nitrogen in moisture and ash free coal..-...............- dow: Ugh) 1.73 1.70 
2 Percentage of moisture accompanying 100 per cent of moisture 
and ashitree COAL. teas Gice ee oie accel gee Meee aren ae ame 2.53 2.88 22.07 
10 | Volatile matter times the ratio of volatile carbon to available 
hydrogen (product of items 1 and 6).....-.....--. per cent.. 39. 0 151 307 
11 | Ratio of oxygen to total carbon, in moisture and ash free coal.. - 0367 - 0652 - 137 
12 | Total moisture in furnace per pound ofcoal reduced to moisture 
and ash free basis: 4.12). oeecr eds sche eee as binie a's pounds... . «409 -501 - 700 


THE EFFECT OF THE QUANTITY OF THE VOLATILE MATTER. 


Table 5 gives the size of the required combustion space for the three 
coals and several sets of conditions indicated by columns 1, 2, and 3 
of the table. Examination of the values in columns 4, 5, and 6 
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shows that the size of the combustion space does not increase in direct 
proportion to the percentage of the volatile matter in the coal. The 
increase in the combustion space from Pittsburgh to Lllinois coal is 
much larger than the increase from Pocahontas to Pittsburgh coal. 
Roughly speaking, under the same conditions Pittsburgh coal requires 
about 20 per cent larger combustion space than Pocahontas coal, 
whereas Illinois coal requires about 40 per cent larger combustion 
space than Pittsburgh coal. That the size of the combustion space 
does not increase in direct proportion to the percentage of volatile 
matter in the coal is shown graphically by the upper curves of 
figure 31. If the relation of the size of combustion space to the 
percentage of volatile matter were a direct proportion, the relation 
would be represented by a straight line. The figure shows that the 
curves are far from straight lines, and become more and more curved 
as conditions of less complete combustion are considered and the 
combustion space becomes smaller. However, in the opposite direc- 
tion toward complete combustion the curves seem to approach a 
straight line. 

That the size of the required combustion space under ordinary 
degrees of completeness of combustion does not vary in direct propor- 
tion as the quantity of the volatile matter, even if the quality of the 
latter remains constant, can be deduced from Table 5 by comparing 
the two rates of combustion of the same coal. Thus, when the rate of 
combustion is doubled the quantity of the volatile matter distilled 
per unit of time is doubled. However, to burn this double quantity 
of volatile matter with the same excess of air to the same completeness, 
the combustion space is increased only about 20 per cent. Table 5 
follows. 


TaBLE 5.—Size of combustion space required for the three coals when burned under 
conditions given in columns 1, 2, and 8. 


Rate of Cubic feet of combus- 
Complete- tae aN a tion space per square 
ness Of | “tion, = foot of grate area. 
tron, per | Pounds | “Ghai 
sere | see | es | 
0 ed foot of : Poca- Pitts- Illinois 
feat grate per hontas. | burgh. : 
; our. 
1 2 3 4 5 6 
5 50 50 PY | 2.9 4.3 
=" 50 50 ny? a7 aoe 
3 50 50 3.6 4,4 6.3 
1 50 50 4.0 5.6 8.9 
0.5 50 50 4,8 6.8 11.9 
5 25 50 2.0 252 Axo 
3 25 50 23 22 i 4.35 
2 25 50 wad Sok §.1 
1 25 50 3.4 4.0 6.2 
0.5 25 50 4.0 5.0 7.1 a 
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FIGURE 31.—Relation between volatile matter of coal and size of combustion space required. he curves 
are plotted from the first set of datain Table 5. Upper group shows relation between the size of required 
combustion space and the percentage of volatile matter; lower group shows relation between the size of 
required combustion space and the quality of the volatile matter as shown by the ratio of volatile carbon 
toavailable hydrogen. Figure near each curve indicates percentage of heat not developed, owing to in- 
complete combustion. In all tests the rate of combustion is 50 pounds and the excess of air 50 per cent. 
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THE EFFECT OF THE QUALITY OF THE VOLATILE MATTER. 


The quality of the volatile combustible, as far as the ease of burning 
it is concerned, is perhaps best expressed by item 6 in Table 4, show- 
ing the ratio of volatile carbon to available hydrogen. These values 
were obtained by dividing the volatile carbon by the available 
hydrogen, and are probably fair indicators of the burning qualities 
of the coals. The amount of volatile carbon was computed by sub- 
tracting the amount of fixed carbon from that of the total carbon. 
The available hydrogen is equal to the hydrogen content on a moisture 
and ash free basis minus one-eighth of the oxygen content. The 
ratio shows that the volatile matter of the Pittsburgh coal contains 
nearly twice as much carbon and that of the Illinois coal three times 
as much carbon as the Pocahontas coal. These ratios indicate 
the probability that in burning Pocahontas coal the volatile combust- 
ible is distilled off mostly as light gases which are easily burned in 
the diluted furnace atmosphere, whereas in burning Illinois coal 
the volatile combustible leaves the fuel bed mostly as heavy hydro- 
carbons in the form of tars, which in the diluted oxygen of the furnace 
atmosphere are first decomposed into lighter hydrocarbons and car- 
bon, the latter being precipitated as soot. This mixture of soot, tar, 
and gases burns slowly and requires a large combustion space for 
its complete combustion. 

The effect of high carbon content of the carbon-hydrogen com- 
pounds on the rapidity of combustion is discussed more fully on pages 
118 and 119. MHereit may be repeated that in general the higher the 
carbon content in the carbon-hydrogen compounds the more time is 
required for their combustion. Therefore it may be expected that as 
the ratio of volatile carbon to available hydrogen increases the size 
of the combustion space required for a given degree of completeness 
also increases. The data in Table 5 and the lower set of curves of 
figure 31 show such an increase, but the increase is not in direct 
proportion to the ratio, especially with conditions of less complete 
combustion. As perfect combustion is approached the curve repre- 
senting this relation seems to approach more nearly a straight line. 

Inasmuch as both the quantity and the quality of the volatile 
matter exert an influence in the same direction on the burning 
property of a coal, the size of the combustion space required for a 
given completeness of combustion under a given set of conditions 
should vary in some rather pronounced way as the product of the 
quantity and the quality of the volatile matter. Such product of 
the percentage of volatile matter in moisture and ash free coal and 
the ratio of volatile carbon to available hydrogen is given in line 10 
of Table 4. In the upper group of curves in figure 32 this product 
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is plotted against the size of combustion space shown by the first set 
of data in Table 5. Each curve of the upper group gives the relation 
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FIGURE 32.—Relation between size of combustion space required and the chemical properties of three 
coals. The upper group of curves has for its ordinates the product of the percentage of volatile matter 
times the ratio of volatile carbon to available hydrogen, from line 10, Table 4; the middle group, the per- 
centages of oxygen in ‘‘moisture and ash free’’ coal, from line 7, Table 4; and the lower group, the ratio 
of total carbon to oxygen in ‘‘moisture and ash free”’ coal, from line 11, Table 4. All three groups haye 
a common abscissa, the ratio of the combustion space to grate area, plotted from the first set of data in 
Table 5. Figure near each curve indicates percentage of heat not developed, owing to incomplete com- 
bustion. In all tests the rate of combustion is 50 pounds and the excess of air 50 per cent. 


between the size of combustion space and the product of quantity 
times the quality of volatile matter for one degree of completeness 
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of combustion indicated by the figure near each curve. The curves 
are similar in form to those of figure 31, but are somewhat nearer 
to being a straight line, particularly the curves for more complete 
combustion: . It may then be said that, in a rough way, when nearly 
complete combustion is desired the size of combustion space varies 
directly as the product of the quantity and the quality of the volatile 
matter as the two are given in items 1 and 6 of Table 4. As the com- 
bustion becomes less complete the curve showing the relation between 
this product and the size of the combustion space is farther from a 
straight line. i 


OXYGEN AS AN INDICATOR OF THE BURNING QUALITY OF COALS. 


The ratio of the volatile carbon to available hydrogen is only one 
of probably several factors which may indicate the burning qualities 
of volatile combustible. Among the other factors the oxygen con- 
tent in ‘‘moisture and ash free” coal suggests itself as the most 
important one. 

In line 7, Table 4, the percentages of oxygen in Pocahontas, Pitts- 
burgh, and Illinois coals are shown to be 3.32, 5.59, and 10.93, respec- 
tively. According to these figures, the Illinois coal contains by far 
the largest percentage of oxygen. At the present state of knowledge 
of combustion of coal it is difficult to explain why oxygen when con- 
tained in the volatile matter should delay its combustion. Never- 
theless there are some indications that volatile combustible con- 
taining a high percentage of oxygen is harder to burn than one con- 
taining little oxygen. Whether the difficulty in burning it is due 
to the oxygen content or to some other chemical property can not 
be stated definitely. It is interesting to note that with the three 
coals tested the combustion space required for the same degree of 
completeness of combustion is almost directly proportional to the 
oxygen content in ‘moisture and ash free” coal. That is, if tests 
of the three coals run at the same rate of combustion, the same 
excess of air, and the same completeness of combustion are plotted 
on the oxygen contents as abscissa and the ratio of combustion space 
to grate area as ordinate, the curves connecting each group of three 
points representing the three coals are nearly straight lines. Four of 
such curves are given in the middle of figure 32. In the absence of 
more complete data the authors are inclined to believe that this 
nearly straight line relation between the required combustion space 
and the oxygen content is purely accidental. However, as some 
writers? attribute to the oxygen content in coal considerable impor- 
tance the authors are presenting this relation for the consideration 
of those interested in this subject. 


a White, David, The effect of oxygen in coal: Bull. 29, Bureau of Mines, 1911, p. 80. 
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The authors wish to add that it is generally conceded that the 
oxygen content shows to a cértain measure the age of the coal— 
that is, it shows what stage the process of carbonization of the original 
plant substiined has reached. On the average the original plant sub- 
stance from which coal was formed contained about 40 per cent of 
oxygen and a comparatively low percentage of carbon. As the © 
process of the formation of coal went on the oxygen was gradually 
decreased and the proportion of the carbon thereby increased. 
Anthracite coal contains only about 2.5 per cent of oxygen and a 
very high percentage of carbon. With the progress of carboniza- 
tion, the percentage of the volatile matter also decreases and its 
anti undergoes a change which makes it easier to burn. Thus, | 
although the oxygen content itself may not directly affect the com- 
bustion qualities of a coal it may be regarded in a way as an indicator 
of such qualities. 

In other words, there is probably a certain chemical property of 
the coal which affects its combustion qualities, and this chemical 
property varies with the content of oxygen, although the variation 
in one is not the cause nor the result of the variation in the other, 
changes in both being brought about by the same cause, the progress 
of the carbonization = the plant substance. 

Inasmuch as with the progress of carbonization the percentage of 
oxygen decreases and that of the carbon increases, it would seem that 
the ratio of the oxygen content to the content of total carbon would 
be a more direct indicator of the age of coal, and therefore also an 
indicator of its qualities affecting the ease of burning it in industrial 
furnaces. ‘The group of curves at the bottom of figure 32 gives the 
relation between this ratio and the required combustion space. In 
the figure, this relation is represented by a nearly straight line, 
which fact indicates that the required combustion space increases 
nearly directly as the ratio; this is particularly true with the condi- 
tions giving nearly complete combustion. These curves have the 
same shape as those of the middle group of the figure. 

That the oxygen content is a good indicator of the stage of the 
process of formation of coal is shown by figure 33, which is a tran- 
scription of a chart compiled by Ralston and published in Technical 
Paper 93¢ as Plate I. In Ralston’s chart thousands of analyses of 
coals and other fuels of the United States are plotted on trilinear 
coordinates representing the carbon, hydrogen, and oxygen con- 
tents in moisture-free, ash-free, nitrogen-free, and sulphur-free coal. 
That is, the coal is assumed to consist of only carbon, hydrogen, and 
oxygen, containing none of the oxygen and hydrogen which can be 
driven away as moisture. 


@ Ralston, O. C., Graphic studies of ultimate analyses of coals: Tech. Paper 93, Bureau of Mines, 1915, 41 pp. 
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In the figure the small triangle represents the trilinear diagram, 
with each of the three coordinates running from 0 to 100. The hori- 
zontal distances are the percentages of carbon, starting at the right 
and ending with 100 per cent at the left-hand corner. The vertical 
distances are the percentages of hydrogen, beginning at the bottom 
of the triangle and ending with 100 per cent at the upper corner. 
The oxygen. begins with the slanting side of the triangle as zero and 
runs toward the lower right-hand corner as 100 percent. As all the 
coals and other fuels fall within the small shaded part of the triangle, 
this part is shown greatly enlarged, in order to show more in detail 
the position of the different coals. 
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FIGURE 33.—General characteristics of various fuels and their relation as shown by their carbon, hydrogen, 
and oxygen contents reduced to moisture-iree, ash-free, nitrogen-free, and sulphur-free basis, plotted on 
trilinear coordinates. Shaded area in triangle represents part covered by coals and other fnels. Trape- 
zoid below represents this area greatly enlarged, showing the fields covered by various grades of coals and 
other fuels. The three black dots show the position of the three coals tested. Compare this figure with 
figures 31 and 32. 


This enlarged part of figure 33 does not contain points represent- 
ing the individual coals as given in Ralston’s chart, but outlines the 
general grouping of the coals and the fields in which the different 
fuels fall on the chart. The position of each of the three coals used 
in tests with the long combustion chamber is indicated on the chart 
by a black dot designated by the name of the coal. The striking 
feature of the chart is the fact that, starting with wood, the oxygen 
content is about 42 per cent, and it gradually decreases through the 
peats, the lignites, subbituminous, bituminous, semibituminous, and 
anthracite coal to less than 2.5 per cent. 
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THE EFFECT OF MOISTURE IN COAL ON COMBUSTION. 


Moisture in coal is another chemical characteristic which may affect 
the combustion. Although in moderate percentages the moisture in 
furnace gases may be beneficial, in large quantities it may be a detri- 
ment and reduce the velocity of combustion. Figure 34, prepared 
from data by Mellor,“ shows the effect of water vapor on the velocity 
of combustion of two volumes of CO with one volume of oxygen. The 
abscissas give the water vapor in per cent by volume. The ordinates 
_ are numbers proportional to the velocity of combustion. The curve 
shows that the maximum velocity of combustion is obtained with 
about 5 or 6 per cent of moisture. On either side of this maximum 
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FIGURE 34.—Relation between the percentage of water vapor and the velocity of reaction between two 
volumes of CO and one volume of O2. Curve compiled from data by Mellor. 


percentage the velocity of combustion drops rapidly. With no mois- 
ture present, the mixture of the two gases would not explode, showing 
that a small amount of water vapor is necessary for the two gases to 
unite. 

How the presence of different percentages of moisture would affect 
the combustion of CO with O, when the two reacting gases are greatly 
diluted by CO, and N, can not be directly deduced from figure 34. 
It is possible that a curve of similar shape holds true for the combus- 
tion of CO under furnace conditions and that with the Illinois coal 
the furnace gases contain more moisture than the percentage giving 
the highest velocity of combustion. Under the conditions expressed 
by curve 3 in figure 31, and using Illinois coal, the percentages of the 


« Mellor, J. W., Chemical Statics and Dynamics, 1904, p. 471. 
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different constituents in the furnace are as follows: CO, 0.6; CO., 
12.0 -20ee410; ELO;.7.03:N,; ‘75.4: 

Thus, although the water vapor constitutes a small percentage of 
the furnace gases, its volume is considerably greater than the total 
volume of the two reacting gases CO and O,. It seems probable, 
therefore, that moisture in such high quantity retards combustion. 

Considering the moisture entirely from the law of mass action, its 
presence in the furnace is always objectionable, because it reduces the 
concentration of the reacting gases. Whether it has chemically any 
retarding effect on the combustion when contained in large quantity 
can not be definitely stated, as no data on the subject except that 
given in figure 34 seem to be available. 

The nature of combustion and of the coordinates used in figures 
31 and 32 are such that none of the relations shown by the five 
groups of curves can really be represented by a straight line. The 
straight lines which occur in these figures are merely accidental and 
are very likely a straight part of a curve or represent only a special 
case of a general law. 

Some of the combustible gases that are burned in the combustion 
space are not a part of the volatile combustible at all, but are the 
results of reduction of CO, and H,O in the reducing zone of the fuel 
bed. It has been shown in experiments described in Technical 
Paper 137% that even when coke containing practically no volatile 
matter is burned, the gases rising from a 6-inch fuel bed contain as 
much as 18 per cent of CO. Similar results were also obtained with 
anthracite coal. Inasmuch as the air needed to burn this CO is 
usually added some distance above the surface of the fuel bed, the 
gases may have to pass through a considerable volume of combustion 
space before they are thoroughly mixed with the air and burned. 
Thus, although these fuels do not have any volatile matter, some 
combustion space must be provided for mixing the CO with air and 
burning it. Therefore, in going from the lower grade of coals to 
Pocahontas coal and coke, the combustion space required does not 
decrease as fast as the factors indicating the burning properties of 
the fuel. For this reason a curve representing any set of conditions 
may appear as a straight line in the region of low-grade coals, but 
in the low-volatile fuels it has a perceptible curvature. This curva- 
ture is always in the direction that makes the combustion space 
larger. 

There is no fuel that will burn almost completely without any 
combustion space. No matter how much the volatile content of 
the coal is decreased, the combustion space can not be decreased 
beyond certain limits except at the expense of completeness of com- 
bustion. 


a Kreisinger, Henry, Ovitz, F. K., and Augustine, C. E., Combustion in the fuel bed of hand-fired 
furnaces: Technical Paper 137, Bureau of Mines, 1916, p. 43. 
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RELATION BETWEEN KIND OF COAL USED AND THE COMPLETENESS 
OF COMBUSTION. 


Table 6 following shows the relation between the kinds of coal 
and the completeness of combustion for six sets of conditions, given 
in columns 1, 2, and 3. The degree of completeness of combustion 
is indicated by the percentage of undeveloped heat. ‘The values in 
the last three columns show that there is no simple relation. Some- 
times the difference in incomplete combustion is greater between 
Pocahontas and Pittsburgh coal, and sometimes the difference is 
greater between Pittsburgh and Illinois coal. The degree of the com- 
pleteness of combustion seems to depend on what part of a curve 
the three points are placed by the conditions governing the combus- 
tion. 


TABLE 6,—Relation between the kind of coal and the completeness of combustion when 
other conditions are constant. 


Cubie Undeveloped heat 
seca ot feet of | per cent of total heat 
aa Excess | Combus- in coal. 


tion 
space 
per square 


pounds of air 
persquare}| (per 


foot of cent). foot of | Poca- | Pitts- Tlli- 
grate | hontas.| burgh.| nois. 
area. 


grate per 
hour. 


DETERMINATION OF THE SIZE OF THE COMBUSTION SPACE OF A FUR- 
NACE TO BURN A GIVEN COAL. 


Figure 3? can be used as a guide to design furnaces for burning 
given coals. Suppose that it is desired to design a furnace for each 
of the three coals given in Table 7, the combustion to be complete 
to within 2 per cent when the coal is burned at the rate of 50 pounds 
per square foot of grate per hour and with 50 per cent excess of air. 
The analyses of the coals have been taken at random from Bulletin 
23¢. In the table, lines 7, 13, and 14 give the factors indicating the 
burning qualities of the three coals. By the use of these three factors 
and figure 32 the size of the combustion space can be approximately 
determined. ‘Thus with the New Mexico coal the percentage of 
oxygen given in line 7, Table 7, is 14.02. The pomt on the pro- 
longed curve marked 2, in the middle set of curves in figure 32, 
representing this percentage, shows that the size of combustion 


a Breckenridge, L. P., Kreisinger, Henry,and Ray, W. T., Steaming tests of coals and related investi- 
gations, Sept. 1, 1904, to Dec. 31, 1908: Bull. 23, Bureau of Mines, 1912, 380 pp. 
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space required for the given condition is 7.4 cubic feet to each square 
foot of grate. The product of the quantity and the quality of the 
volatile combustible given in line 13, Table 7, and curve 2 of the top 
group in figure 32 show that the furnace should have about 6.7 
cubic feet of combustion space to each square foot of grate area. The 
ratio of the oxygen to total carbon given in line 14, Table 7, and 
curve 2 of the lowest group in figure 32 show that 7.4 cubic feet of 
combustion space is needed for each square foot of grate. The 
position of the three points on the diagram is shown by the small 
circle on the upper end of curve 2 in each group. Thus the ratio of 
the combustion space to the grate area as given by the three factors 
varies from 6.7 to 7.4. 

Similarly the size of the combustion space of a furnace to burn 
the Virginia coal under the given conditions is indicated by deter- 
mining the points representing the three factors of lines 7, 13, and 14 
(Table 7) on curve 2 of the respective groups in figure 32. In this 
instance the three factors indicate that the required combustion 
space per square foot of grate area should be 4.9 to 5.1 cubic feet. 

For the New River, W. Va., coal the three factors indicate that 
the ratio of the combustion space to the grate area varies from 
3.7 to 3.9. 


TaBLE 7.—Composition of three given coals and factors indicating their burning qualities. 


PROXIMATE ANALYSIS OF COAL AS RECEIVED. 


New “lips ees New River 
Line. Item. Mexico | Virginia | (Ww, Va.) 
coal, : coal, 
Ae MOIStInOwEs comes 4. Fee - deep Slee. - uses cb iy Ze per cent.. 11.90 SEW 1.85 
Pai dicss TT WE Se oes, Magers, Se rege ee 5 ae Se at eee ae ee dors. 37.85 Set) 20.31 
Spal dthineste Mcchm eye: hte pe 550.5 + ae eg ie Reo 2 ea ee ee a ee dor b. 41.57 56. 41 73.87 
4) See ne 6.5 SES SE BRS aoa Ee Bee? Bp Sa ee eels Fa COla a 8.68 6.47 3.95 
ULTIMATE ANALYSIS OF MOISTURE AND ASH FREE COAL. 
eM TOR OTS a5" bee ee ee! OE ees, Se ey eee per cent... 78. 48 84.70 88.50 
py dB 08 COE eS, Sees tel eelie ge SENS be Se pep ie te eed tet. die aie ae Gore 5.52 5.32 5.02 
HEV ROU ona eee arers Oo pcet tas 5g aki vie peter he apace doz. 14.02 7.53 4.28 
SUNG LOvelbemtse ce See aes sean see ae ee Re eR ke ose see. dove: 1. 28 1.55 1.55 
9 | Sulphur..... Pca ate sb a Sen a orb diay anita gt & oriylan ee Sa S do..4: 70 90 65 
PROXIMATE ANALYSIS OF MOISTURE AND ASH FREE COAL: 
LOM EV Olah Om. Sa ere men ye ena eee OR eee ee et per cent.. 47.6 37.0 21.55 
ee Ex Og (cal DOM amet se sie te oak neato a it too oe oa Oo. 52.4 62.5 78.45 
FACTORS INDICATING BURNING QUALITIES. 
12 Volatile eta ss hy GrOseniee ass. Sehee bce ae ees 6.9 5.1 2.24 
iver rocuchonlinesmO and 1320 4. 828 ok ca decent he cue 327 191 48.3 
TAA TSIM SR- Meee. Pe Seer bee. Pee Aas oete. Sok Cleo kde sect et 0.178 0. 089 0.049 
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THE MOST ECONOMICAL AIR SUPPLY FOR A GIVEN FURNACE AND GIVEN 
FUEL. 


For a given furnace and a given fuel there is a certain percentage 
of excess air which gives the maximum over-all efficiency of a steam- 
generating apparatus. If the supply of air is increased beyond this 
percentage the over-all efficiency drops because of the heat lost in 
heating this extra air. If, on the other hand, the air supply is de- 
creased below this best percentage, the heat losses increase on account 
of less complete combustion. These are the two principal causes 
of heat not being available for a boiler and the ones that are affected 
by air supply. The percentage of excess air giving the lowest sum of 
these two combined losses varies with the size of the combustion space 
and the kind of coal. When the combustion space is large smaller 
air excess is necessary to obtain good combustion than when the 
combustion space is small. With coals having low percentages of 
volatile matter less excess air is needed for nearly complete com- 
bustion than with coals having high percentages of volatile matter. 
Figures 35 to 39, inclusive, show that these statements are true. 
These figures were compiled from figures 24 to 30, inclusive. In | 
figures 35 to 38 the abscissas are the percentages of air in excess of 
the amount theoretically needed to oxidize completely all carbon to — 
CO, and all hydrogen to H,O. The lower scale gives the correspond- 
ing percentages of CO, in the products of combustion. The ordinates 
are the percentages of heat not available for the boiler. The straight 
inclined line gives the quantity of heat that it takes to raise the 
temperature of the dry air, supplied for combustion, from atmos- 
pheric temperature to the temperature of saturated steam under 
150-pound gage pressure. The dotted curves in the lower part of 
the figure give the undeveloped heat in the gaseous combustible 
at the end of that part of the combustion space having a ratio to the 
grate area indicated by the figure at each curve. Thus, for example, 
the curve designated by 3 represents a furnace having 3 cubic feet 
of combustion space to every square foot of grate area, and so on. 
Each of the solid curves in the upper part of the figure give the sum 
of the quantities of heat shown by the straight line and one of the 
dotted curves; that is, it shows the quantity of heat not available 
for the boiler due to both incomplete combustion and the sensible 
heat in the dry furnace gases. The heat in the moisture of the coal and 
that formed by the burning of hydrogen does not vary with the air 
supply and therefore does not affect the shape nor the horizontal 
position of these curves. Similarly the change in the boiler pressure 
does not change the slope of the straight line; it merely raises or 
lowers the line. Inasmuch as it is desired to show the minima in the 
upper curves, or in other words the percentage of excess air giving 
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FIGURE 35.—Effect of air supply on the two principal sources of heat loss in a steam-generating apparatus 
as shown by tests of Pocahontas coal; rate of firing, 50 pounds. The straight inclined line indicates the 
increase in quantity of heat absorbed in heating the air supply from atmospheric temperature to the tem- 
perature of steam in the boiler. The dotted curves show percentage of heat not developed, owing to in- 
complete combustion, in a furnace having the ratio of combustion space to grate area indicated by the 
figureneareach curve. The solid-line curves represent the sum of the heat losses shown by the straight 
line and each o/ the dotted curves, and show what the excess of air should be for the minimum heat losses 
in a given furnace. 
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FIGURE 36.—Effect of air supply on the two principal sources of heat loss in a steam-generating apparatus 
as shown by tests of Pittsburgh coal; rate of firing, 50 pounds. The straight inclined line indicates the 
increase in quantity of heat absorbed in heating the air supply from atmospheric temperature to the 
temperature of steam in the boiler. The dotted curves show percentage of heat not developed, owing 
to incomplete combustion, in a furnace having the ratio of combustion space to grate area indicated by 
the figure near each curve. The solid-line curves represent the sum of the heat losses shown by the 
straight line and each of the dotted curves, and show what the excess of air should be for the minimum 
heat losses in a given furnace. 
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FIGURE 37.—Effect of air supply on the two principal sources of heat loss in a steam-generating apparatus 
asshown by tests of Illinoiscoal; rate of firing,50 pounds. Thestraightinclined line indicates the increase 
in quantity of heat absorbed in heating the air supply from atmospheric temperature to the temperature 
of steam in the boiler. The dotted curves show percentage of heat not developed, owing to incomplete 
combustion, ina furnace having the ratio of combustion space to grate area indicated by the figure near 
each curve. Thesolid-line curves represent the sum of the heat losses shown by the straight line and each 
of the dotted curves, and show what the excess of air should be for the minimum heat losses in a given 
furnace. 
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FIGURE 38.—Effect of air supply on the two principal sources of heat loss in a steam-generating apparatus 


The straight inclined line indicates the increase 
in quantity of heat absorbed in heating the air supply from atmospheric temperature to the temperature 


asshown by tests of Illinois coal; rate of firing, 25 pounds. 


The dotted curves show percentage of heat not developed, owing toincomplete _ 


combustion, in a furnace having the ratio of combustion space to grate area indicated by the figure near 


of steam in the boiler. 
each curve. 


The solid-line curves represent the sum of the heat losses shown by the straight line and each 


of the dotted curves, and show what the excess of air should be for the minimum heat losses in a given 


furnace. 
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Figure 39.—Curves showing percentage of excess air giving the minimum heat losses in burning Pitts- 
burgh, Pocahontas, or Illinois coalin various sizes of combustionspace. Proportions of combustion space 
given by the scales at the bottom. Scale at right indicates percentage of CO, in furnace gases for any 
given excess of airshown by scale at left. Figure near each curve indicates the rate of firing the coal in 
pounds per square foot of grate per hour. 
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the least losses, and therefore the best results, the moisture and the 
steam pressure need not be taken into consideration in compiling 
such curves. That is, only those losses directly affected by the 
excess of air are considered here. These losses are expressed in 
percentage of the calorific value of coal. 

The upper curves of figures 35 to 38, inclusive, show that as the 
size of the combustion space increases the minimum losses are 
obtained with a lower excess of air and a higher percentage of CO, 
in the furnace gases. The minimum losses in the furnace having a 
small combustion space are much larger than the minimum losses in 
the furnace equipped with a large combustion space. However, with 
the large combustion space the minimum losses extend over a much 
smaller range of excess air than they would with a small combus- 
tion space. This means that with a furnace having a large com- 
bustion space more skillis required to keep its performance within the 
narrow range of minimum losses or maximum efficiency than to operate 
a small furnace at its best. With the furnace having a small combus- 
tion space a variation of 50 to 100 per cent in the excess of air, and 
even more, makes very little difference in the performance of the fur- 
nace. However, the maximum efficiency of the furnace having a large 
combustion space is so much higher than that of the furnaec with a 
small combustion space that there is little doubt left as to which fur- 
nace is preferable. 

Figures 35, 36, and 37 were prepared from tests of the three dif- 
ferent coals at the same rate of combustion—50 pounds per square 
foot of grate per hour. Comparison of the curves in the three figures 
shows that with the same size of combustion space considerably more 
air is needed for the best results when burning high-volatile coal, such 
as Illinois, than when using the low-volatile Pocahontas coal. Thus 
with a furnace having 5 cubic feet of combustion space per square foot 
of grate area the best results with the Illinois coal were obtained when 
the excess of air was about 70 per cent, whereas with the Pocahontas 
coal the best results required only about 30 per cent of excess air. 
However, this best performance with Illinois coal appears to be about 
3 per cent of the total heat in coal lower than the best results with 
the Pocahontas coal. 

To show the effect of the rate of combustion on the excess of air 
giving the best results under a boiler, figure 38 has been prepared. 
This figure gives the conditions for the best results when burning 
Illinois coal in the experimental furnace at the rate of 25 pounds per 
square foot of grate per hour. Comparison of figure 38 with figure 37 
shows that with the lower rate of combustion the minimum heat 
losses occur with somewhat smaller excess of air and the losses are a 
little lower. 

Figure 39 shows the relation between the size of the combustion 
space and the percentage of excess air giving the best results under 
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a steam boiler. The figure consists of three separate diagrams hav- 
ing common abscissas, each diagram giving the relation for one of 
the coals tested. The diagram for the Illinois coal, given at the top 
of the figure, has two curves, one for a rate of combustion of 50 
pounds, and one for a rate of 25 pounds, of coal per square foot of 
erate per hour. The other two diagrams show only one curve for a 
rate of combustion of 50 pounds. The scale on the left gives the 
percentage of excess air and the scale on the right the corresponding 
percentage of CO, in the furnace gases. The size of the combustion 
space at the bottom of the chart is given by the three scales. Read- 
ing from the top the first scale gives the combustion space in cubic 
feet, the second scale below gives the number of cubic feet of com- 
bustion space for each square foot of grate area, and the third scale 
is the average length of the path of gas travel through the com- 
bustion space. 

The most important feature shown by figure 39 is that different 
furnaces and different fuels require different percentages of excess 
air to give the best results. This means that there is no one definite 
percentage of CO, in the furnace gases that will give the best results 
in every furnace burning any coal. Some furnaces and some fuel 
may give best results with high percentages of CO,, whereas others 
may have to be operated with a comparatively low CO, content. 
Figure 39 may furnish a guide as to the probable best CO, content 
for a given furnace and a given coal. 


DISCUSSION OF MISCELLANEOUS DATA. 
STRATIFICATION OF GASES. 


There seems to be a considerable tendency for furnace gases to 
flow in stratified streams through the combustion space. The 
stratification occurs in spite of the whirling of the gases above the 
fuel bed of the Murphy furnace. The whirling was plainly visible 
through a peephole in the side wall of the Heine boiler. This whirl- 
ing motion is caused by the two streams of air coming in through the 
tuyéres and the stream of gases rising from the center of the fuel 
bed. It seems to continue for some distance beyond the fuel bed. 
The motion, and the three streams of gases causing it, are shown in 
figure 7. It would seem that such a motion would cause the gases 
to form a uniform mixture a short distance beyond the fuel bed, 
That such is not the case is shown by the variation i the composi- 
tion of gas samples taken simultaneously at different points of the 
same cross section, as shown in Table 8, which gives the analyses of 
all the gas samples taken in test 188, and Table 9, giving the analyses 
of samples taken in test 195. In each table column 1 gives the sec- 
tion and column 2 the location of the sampler within the section 
where the gases were collected. 


COMBUSTION OF COAL AND DESIGN OF FURNACES, 


98 


dwidual gas samples collected in test 188, with Pitts- — 
Rate of combustion 38 pounds. 


is of in 


burgh screenings. 


TaBLE 8.—Results of analys 


Came Sr Sev To Neaeet coils Neer ya Ca en) eee see 0 12a ee ees ee ’ ‘ Ret cael ee st Mie ot er od ‘ 
os i? ‘ ‘ , . ‘ , , . . « . ‘ . ° ‘ ‘ we -3@) ‘ . ' eet J ' ‘ 
Sau LSBe Sans ae eh a ee ep ee ge eo es Paes ele eM e loot. hat cked een boos 
[o) DQy Od & fo J <: thn Ge 2 Fe * 8 8 eo 8 6 ) Biz 3SSe 9 ° , ee oie a eons VAY it es Fo ry . ‘ . 6 re ee Fe . 
ZEPSSESRSBE a, see epee Han all)" aie a sae pee Eee acts Cae ey ee 2, Semone, Ter gee oe gies RP ba | ea or PR Cgane are ic Baek Go a 
mh oS a" — Met eects) tees Se Meee tae oe Peat SGM RO ee ee a Er ao ae : : ea[ ce onl Dieesiogie eanh eee ie | age 
8. ie 6 Rho 6 te Lar 6 . ’ ‘ ‘ fie | "SA a i Ss | ee ee oe ‘ ‘ ‘ ‘ e . ‘ ’ ’ . ’ ‘ ’ ’ ’ . ’ . e ‘ ‘ ’ ’ . . ‘ ‘ ‘ ‘ ' ‘ z ‘ 
S31 45° a ' . Cora | rb eee oo co ae ee . Weyer: a. Te ae eee =H ee ees ale aes ' Oe Oe at oo ae ea eT ‘ 
sen SSseiSans . oe . . (=} | eo. = 4 ’ . a ene ee! . ee ‘ . re Ot 6-208 asta Scat Wier aa Col | . cieaet Read Apa’ Roe’ cama Rae peagey toe Y . 
Seiaoxvogginq ee three Wigs ene GR Ai ony oA eet : eS rat ce fp tore arae arial nah earyaa Oa coe. ariel: Caarne meee ; 
al =| OS WS AAA nme cae ee ue a tame ree es «arse : epee A mainte 4 Oe Bae Be + Be tg ‘ SMM Sans Waese oat 
soa OANA Or~- HOON Shawedecoue | CON NIKYD 1 O | RE OMOMs Ss HOOm | + eee a ee CONN SHH Koo S 
po oD o = * 5S Lae we ie ea: a hn Tame Ni Ge COR ea Se a 4 I f=) doin ° sé = e Ry ee ae Or Oo. a0 wet 8 Os hha er. be! Cele, 8 oe. - Se 
estse- | & | Shesa “Sa” [Sl Maedasciss | lode [a [aap te 
H goa 
oO 
xe SOD HID OO OD ie MAN ADIDONO OD re oon No} Be 00 00 19N NA Ht CO OOOH © N ANNHANWOOMEr coal 
> INGAAS GAD SrSNSHSSSS HO S| SH6nSSHSSH SBRaaa Saint io Im SonHS ] a 
) OAAaHOOONN fox) D9 OD Coe ee 
3 AR in ee Wee ee ee Oe ee ° PG Pee le FR | I a PA eC | a aor a ead aC || Aa a ea ty Sa 
a>} < | HHtONDONMARO OPANASHONS anc CHAM OSHOOS ooocoooco Cooooseecs | 
e a ~ es oe ee cers, eee: Were” || ine etre pee C+ Je: cies ee fe: ote 6 see ONL 2 eo Te eke, «ete esl cen || “ere bel ewe. e260 sais . 
os | | 
a) 
2 ° oe ee ee Met AOD OwMmOoOMDOAN oO = Neco OD SH De © Px HOD SO igs ccc te teal as N Seva ties Ogee N 
o) 
oS 2 OG “SA °rid al bach ; Swi TAO A rid 08 cos ST Peed |e Aa * 
bo o = 6D 69 = a e 
— _:C eo—S—n—e a — SS SS 
a a ONINHOON 91D HAN CON OD SH XH O00 CO oO rNN SONODNMNOOOe ORMMWMr~- HON N OOO 10N HOD Oo 
2 Swit "TASS [id drt * "SOSH [wi | ed | A” Coda ISA LM || od wid dod od wi ded od Nios shades | wi 
®D 
A -_— Seas - 
eee) ee soocoocoono ica ooooooocKeooa = SSS © oonoonoor 2 PR Nac, baer Sarena | Macatee Me to) . 
Pega heed se aca te NR tee Oe ORD OS a ae ee hl see © eee ee er rd Bere: ices! geal oe. Pn ewe ve, eke @ BRL cet. e ‘ 2 . : ‘ : ‘ ‘ ‘ : ‘ ‘ , r , 
23038 ~ eS i ae. A Se eR et Ss eae | Re eee ES eo ae: 
pb BGeA eet: £36 oe Tee aes 
© ea OGRA SSH SHHYNSSASGH IS |ANA lai [lida “ads “Sx ° said di xi it 25 0d Fl oS ict sti tixtiocs ade | x 
(@) re rei rei rei re el eee re eet mse mere Seas eseee Sess resaswaesie be | 
& & { : : 5 , ‘ Ee 5 
ecans  icdab danke OH Caodee bombed cee Kuk oe ceqraaesg| | eaten stag warusr cel 
BS eX : : : : ‘ 
Ses eee AAAS SShRe | SHAH SaaS SSS | i iiArAHsSssaae AAR SSSR : HHASSSeOM : 
~ n * ‘ . ° 
na ‘ . ' e 
ee rt he ee we eS a ee, ey RL Saag he ® 0. SE ane Bo! ie es a 8 a, Re 36, ars 0. SER ee TER Se er Nee) ae aie Cage Ge ere Be . [oe ket eae ) ‘ ry 
3 fe) ach ‘ : Nee ARS ee oR ‘ otras brates sagageamelie th ‘ Fw IEC eran Lapeer 8 ai 6 ach c ate Sa SS es 
ea Se Go. phase Neg eames pean copes aaa js, : Moth Se ginearke : Soca on Ceiak 4a tRarcing ‘ Pik ace arte ee eae 
Qe ee ae ele | as ee gtniy Meee et. sate a Re ee Rees we vw otiem ye ee ee i Ol ae elnetuacsive tee ’ Tee even ee. a ee ey b> gs) WA Ae ee Ok e ri 
2 Bae ent ee emetic E ED a De nar ee ns ’ ' ' mi Se heed aaa Fe ee he Te ce a he et OE ar ‘ , ' eae ’ ° 
on Se WE a ee ee = ho es i is ae eens ah bos ee PS eae ee Pee a gt Beate 8 : 
ae By tain Tes eg a Oe ag ee ae ee fier ‘ ncaa ei icioee : fete 0 meg nae bee : Meera ciety a 
an eng Ee Se ee ee ’ [> oN eau eae aioe ‘ =| ‘ Oi es nde eee aes o 8 6 ro Oremus Vere aati ant Yad eee eat be (pee ere oR Le Dea 5 Haag Pale oO 
as) pee fo et iS en, a] Tien | Se igs Sa Se ee er Tees Jy) ’ | Mees et, Wa in el Ye ie 2M Soe Ret (AO ee Gaetan (eee, EO Nie ote ee) Tou ee tN oa Sa ANGE ee ow io ieee Poa Yer? bio. Wear 
Se ei S Le aaa os fgepiel Woe ‘ @O = er ee. Shee « oO (<> aay Foe ~ Cees Vie uae | ‘ ° op rp a Sai eat Semel ME ae SL ee | a9 ee eee 4 
OS at IRE Sg eed see (0) emerald REY Cee) Rn) She P= etek op a "4 Cir [etl FEN et tes Font ° my . oo 8 ‘ aA We 8m ne i 
wo O68 oe ee aoe 3 Coos. Sess ves “aay eS Sets oD ieee: View seat ey Mana Yew Vein 1 (>) ‘ os ‘ oO La “Teams 1 gee ys) Oo 
os, 2 ene Bee ee dee 5 aN hla Mie te 32 WO) 5 m oe > <q © © © © © © © 8 b '@) CPiet e (ee eee 5 oa fet > & ‘ £ ee > 
, . ‘ . . . e . ‘ . . . ‘ . . . . . . ° . . ‘ . ’ . PA-RISC ue OS Se Baie ee OS 
Eg Eossosososes & Ssooossese & Soo =5-3-3-5-5-5- 5-5 Boo999990 < Hosooooog° 4 
53 BAARARAAAA <4 SARAARAARAA <4 BAA -=ARAAARAARAA = ARARARAAA -ARAAARAA 
* oat (3) oO o 
Ey ~ 22! a a) o 2 
2 < ~ nN R n wR 


DISCUSSION OF MISCELLANEOUS DATA. 


TABLE 8.—Results of analysis 
burgh screenings. 
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oo 


o individual gas samples collected in test 188, with Prtts- 
ate of combustion 38 pounds—Continued. 


Percentage, by volume, of— Tar, | Soot, 
grams | grams 
per per 
Loca- cubie | cubic 
Section of furnace where pays Unsat- Total font a ps Me 
sample was taken. within urated gaseous} Go° F. | 60° F 
section. COx. ra cba Oz. | CO. | CHa.) He. | No. cae and 30-| and 30- 
hors ipie inch inch 
: : pres- | pres- 
sure. | sure. 
1 2 3 4 5 6 7; 8 9 10 11 12 
Section Go-eue..-t2 =c-..- py O48 st o.e 2: Bau a .0 .0 | 81.4 i 1 RA oh ke 
oie we. Fees nee 1G: One Ses 3s 3.5 ay: a0 0 | 81.3 eat a ae SS ih eens 
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DOeks seorereeeyess Rab lids de|seervse 5.4 a1 0 -0} 81.4 oh Tete ae an lic cee 
DO aye both ia aie REL WT 5s0 Boe rt J 3.4 20 .0 70. )}.81.3 ard) laf See eS a. 
1D Ys) eae eee» «ee eee aaron. PAs Git sele eae 3.5 4 .0 -0} 81.3 ae: SY My Seah Rp has 8 
Average....- 2 77..) 4.05 12.6 Toe 2.84.3 | Oe 83 Sit ae oe 


TaBLE 9.—Results of analysis of individual gas samples collected in test 196, with Pitts- 


burgh screenings. 


Rate of combustion 24 pounds. 


Percentage, by volume, of— 


Lea, 
Z tion o 
Section of furnace where Unsat- 
sample was taken. are urated 
’ section. COs. pies Oo. Co. CH4. He. 
bons 
1 2 3 4 5 6 7 8 
At surface of fuel bea...) L-24] 5.1 OF4 O02 22, 2 1S i hs 
IDO Fase e522 es L-40 | 13.6 AM Ate 5.0 S Oita ores 
TIO ee Nene anh abe L-56 7.4 .0 .2 | 16.9 a0 9.5 
WO ssh ts. Se Cee? M-24 | 2.7 .0 2 poled 4) 6.4 
LD oye, © Sep ane ae oie Ne M-40| 7.8 70 |) 2.8 116.6 SA 2D 
DOE Ets es ee M-56 | 12.9 20. jase Oui8 Be9 x: a 
NYO) ae! ae ate lie Ae Eee R-24 | 9,2 ik 54 A605 .9 4.6 
BB ee eRe, Oe eee R-40 | 10.4 wt Too 1 10i% 1 Obgn6.) 
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des ey gear ipata Giang 8.9 a ey I a eR 
llinches above fuel bed.; L-24 | 13. 2 {Oba cyt ae ee bee 
DOs ee AN ot: I-40 | 7.8 .0 2 tre 9 A kos 
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DOr ee eee eee e M-40 | 12.5 sy 6.9 4 0 2 
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AVeOrage Lea. faot eye |e. 1IA7 0 teh at -0 An) 
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TaBLE 9.—Results of analysis of ihdénidual gas samples collected in test 195, with Pitts- 
burgh screenings. Rate of combustion 24 pounds—Continued. 


Percentage, by volume, of— Tar, | Soot, 
grams | grams 
per er 
Loca- cubic | cubic 
Section of furnace where ene Unsat- Total at Ms ey ed 
sample was taken. within urated Sasecous| Boo pH. | BO? F 
section.| ©92- nee o-| Ox | CO. |CHs.| He. | No. eco and 30-| and 30- 
bons ible inch inch 
; ° pres- | pres- 
sure. | sure 
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Sections A to G are vertical; the three sections preceding section A 
in the tables are nearly horizontal planes parallel to and directly over 
the surface of the fuel bed. In Table 8 the first group of nine gas 
samples was taken just at the surface of the fuel bed; the second group 
was taken 11 inches above the fuel bed; and the third croup of three 
samples 22 inches above the fuel bed. In column 2 the letters L, M, 
and R stand for left, middle, and right sampler, respectively. The 
figure following each letter indicates the distance of the intake of the 
sampler from the inside of the front wall. Thus, L-40 means that 
the sample was collected with the sampler on the left, 40 inches from 
the inside of the front wall. The position of the left, middle, and 
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right samplers is shown in figure 4 (p. 15). Only three samples were 
collected at the section 22 inches above the fuel bed. 

In the series of tests shown m Table 9 only six samples were 
collected at section A, because the samplers were constructed for 
collecting tar and soot samples and for that reason each sampler 
contained only two gas sampling tubes. Beyond section A every 
alternate section was omitted on this series. The position of the 
samplers at section A is shown in figure 5 (p.16). The position of the 
sampler in the furnace and the distance of the intake of the sampler 
from the arch is designated similarly to Table 8. 

All the sections are nearly at right angles to the path of the gases; 
above the fuel bed where the gases flow nearly vertically the sections 
are horizontal; in the combustion chamber where the gases flow 
horizontally the sections are vertical. 

Table 8 shows that even beyond section A in the combustion 
chamber the gases tend to flow in stratified streams, apparently 
without any regard to their specific weight. In general, near the 
roof of the combustion chamber the gases contain high percentages of 
oxygen and very little combustible; near the bottom they contain 
high percentages of combustible and very little free oxygen. This 
rather regular distribution of oxygen at the top and combustible - 
gases at the bottom would seem to indicate that there is a pre- 
dominance of horizontal layers in the stream of furnace gases. The 
vertical layers are much more irregular, showing that there is some 
change of gas from side to side. 

This predominance of horizontal layers in the furnace gases as they 
flow through the combustion chamber is perhaps shown more mark- 
edly in Table 10, which gives the excess of air, calculated as shown on 
page 28, for each sample of gas. The designation of the position of 
the samplers is similar to that in Tables 3, 8, and 9. In the tests of 
Table 10 no samples were taken before section A and no tars and soot 
samples were collected. Nine gas samples were collected at section A. 

All the samples collected 5 to 7 inches below the arch show, as a 
rule, considerable excess of air, whereas the samples collected near the 
bottom show small excess or even deficient air supply. This differ- 
ence in the excess of air becomes smaller as the gases flow through the 
combustion space, until at section H the mixture of gases becomes 
fairly homogenous. 

Tables 4 and 10 demonstrate that it is much more difficult to 
obtain the average gas sample than it is to analyze it. This is a 
similar conclusion to the one arrived at from tests described in 
Bulletin 97.¢ 


ie ee Henry, and Ovitz, F. K., Sampling and analysis of flue gases; Bull. 97, Bureau of Mines, 
15, 70 pp. 
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ACCURACY OF AVERAGE COMPOSITION OF GAS SAMPLES. 


The average composition of the furnace gases at any section was 
obtained by giving all the samples taken at one section equal weight. 
The individual samplers covered approximately equal areas of the 
cross section; and if the velocity of the gases were uniform all over 
the section, the volumes of gases sampled by each sampler would be 
the same, and an arithmetical average would give the true composi- 
tion of the furnace gases at the section. However, it is certain that 
such was not the case. It is a known fact that when gases flow 
through a tube of either square or circular cross section the velocity 
is much higher at the center than it is near the walls. Consequently 
one may safely assume that in the combustion chamber the gases 
moved faster through the center than along the walls. Therefore the 
central sampler was taking gas from larger volumes than those near 
the walls. To obtain the correct average composition of gases, the 
central sampler should be given greater weight. However, obtaining 
any reliable figures of the respective velocities is so difficult that no 
attempt was made to correct for the difference in velocity. Usually 
eight samples were taken within 7 inches of the walls and only one 
in the center. Even by giving the central sample double weight the 
average would be changed very little. 

The above reasoning and conclusion holds true for the sections 
beyond A, but for section A itself the conditions are somewhat dif- 
ferent. On account of the V shape of the grate the fuel accumulates 
in the center of the grate to a thickness of 12 inches or more, partic- 
ularly in the rear. The result is that the bottom three samplers at 
section A are below the level of the fuel bed. Inasmuch as section A 
is only about a foot from the rear end of the grate, these three bot- 
tom samplers are in a space behind the fuel bed where the gases are 
eddying and have a very low forward velocity as compared to the 
gases near the roof of the furnace. Furthermore this comparatively 
quiet place back of the fuel bed contains practically gases as they 
leave the fuel bed without any air mixed with them, all the addi- 
tional air being introduced higher up above the fuel bed. The air 
can not in the short length of travel reach the gases in this quiet 
space. As a result of these conditions the bottom three samples 
contain much more combustible gas than the samples taken higher 
up. By giving the bottom samples the same weight as those higher 
up the average is too high in combustible gases. There is no reliable 
way to correct this error. As a result of it the excess of air computed 
from the average analysis of section A will be too low and may make 
it appear that air has been introduced between sections A and B. 

In the series of tests of Pittsburgh screenings only six gas samples 
were taken at section A; three of these were about 11 inches and 
three 22 inches below the arch. It is believed that these six samples 
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gave a better average than the nine samples taken in the tests of the 
other three series. 


RELATION BETWEEN PROPORTION OF CO, IN THE FURNACE GASES 
AND THE EXCESS OF AIR. 


With each coal there is a definite relation between the percentage 
of CO, in the furnace gases and the excess of air supplied to the fur- 
nace, provided that the amount of combustible in the gases is neg- 
ligible. Figure 40 shows such a relation for the four coals tested. 
The points for the curves are obtained by plotting the values of col- 
umn 7 of Table 3 as ordinates and those of column 19 as the abscissas. 
All the values are based on samples of gases taken at sections G or 
H. All four groups of points fall closely along a smooth curve, 
showing that the relation is definite enough to be of practical use. 

With the Pocahontas coal it is possible with 5 per cent excess of 
air to get a maximum of about 17 per cent of CO, in the furnace 
gases. With the Pittsburgh and Illinois coals it is possible to obtain 
only about 154 per cent as the maximum with about 10 per cent 
excess of air. When the air is reduced below these minima, the per- 
centage of CO, drops and combustible gases appear in the flue gases. 
This is shown by the one point in the group of the Pocahontas coal 
and the three points of the group of Pittsburgh screenings at the 
extreme left of the figure. It should be remembered that these re- 
sults were obtained with a combustion space about 40 feet long. 
With the combustion space shorter such high percentages of CO, 
could not be obtained. With very small combustion space the maxi- 
mum OO, content obtainable may not be over 12 per cent. That 
the advantages of large combustion space is appreciated by modern 
furnace designers is shown by the fact that at one new plant, at 
Connors Creek, Detroit, Mich., the combustion chamber is 33 feet 
high. 

These facts and the discussion presented in connection with figures 
35 to 39, inclusive, indicate that in the setting of horizontal tubular 
boilers the practice of making the gases hug the shell to increase the 
over-all efficiency is questionable. Of course, by squeezing the gases 
against the shell the heat transmission from the gases to the shell is 
increased; but by doing so the furnace is robbed of many cubic feet 
of combustion space. Rapid cooling of the gases before the combus- 
tion is complete is not desired, because such cooling retards combus- 
tion and if carried too far may even prevent it. 


RELATION BETWEEN THE PERCENTAGE OF CO AND THE TOTAL 
COMBUSTIBLE GASES. 


The relation between the percentage of CO in the furnace gases and 
the percentage of total combustible gases is definite enough to be of 
value in estimating the total combustible from the determination of 

91662°—17—Bull. 185——8 
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CO. Such relation is given in figure 41, each curve applying to one 
of the four coals tested. The relation varies slightly with the kind of 
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coal. Roughly speaking the CO constitutes 80 per cent of the total 
combustible gases; that is, when the CO content is 2 per cent the con- 
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tent of total combustible gases is 2.5 per cent, and when the CO con- 
tent is 0.8 per cent the content of total combustible is 1.0 per cent. 

The combustible gases other than CO consist largely of hydrogen; 
CH, and the unsaturated hydrocarbons constitute a very small part 
of the gases. , 
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Figure 41.—Relation between percentages of CO and He, CHy, and total gaseous combustible in furnace 
gases. Each of the group of curves is for one of the four coals tested. 


The small percentage of CH, shown in the figure is in accordance 
with the nature of the gas. It has been shown by various investi- 
gators that in absence of air methane decomposes readily into hydro- 
gen and carbon (soot) at high temperatures such as exist in furnaces. 

As indicated in Table 11 (p. 113), the percentage of methane that 
is stable at the high furnace temperature is very low. It is doubtful 
if methane under ordinary furnace conditions ever reaches equilib- 
rium. ‘The methane content of the gases leaving the fuel bed is 


108 COMBUSTION OF COAL AND DESIGN OF FURNACES. 


probably much higher than that corresponding to equilibrium con- 
ditions, and its amount is rapidly reduced both by combustion and 
decomposition. 


RELATION BETWEEN CO CONTENT IN GASES AND AMOUNT OF 
UNDEVELOPED HEAT. 


Inasmuch as there is a close relation between the proportion of CO 
and the total gaseous combustible in the furnace gases, there is simi- 


PME Rk eee PPh wee 
mire | Averages of Pa Re 
eam Pittsburgh run-of-mine 
an and 
isi ie 


12 


Illinois ¢oal 


10 


ESGERCH SEE 
GER A ee eR 
Satis css , 
Piet gl te oS 
BEN SeRGBE* Za 


HEAT LOSS DUE TO UNBURNED GASES CO, He, CHa, 
and C2Hy, PER CENT OF TOTAL HEAT IN COAL 


5 


FIGURE 42.—Relation between CO content in furnace gases and heat loss due to the escape ofall unburned 
gases. ; 


larly a close relation between the CO content and the undeveloped 
heat of the gaseous combustible. This relation is definite enough so 
that the percentage of CO can be used to determine the heat losses due 
to the escape of all the unburned combustible gases from the furnace. 
Figure 42 shows this relation graphically. The ordinates of the figure 
are the undeveloped heat of the combustible gases expressed im per- 
centage of the total heat in the coal, and the abscissas are the per- 
centage of CO in the furnace gases. Each of the three curves show 
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this relation for one constant air excess, or percentage of CO, in the 
furnace gases. 

Thus, supposing that the gases contain 0.6 per cent of CO and 14.3 
per cent of CO,, or that the air excess is 25 per cent, what is the total 
heat loss? Starting from the point 0.6 on the scale at the bottom 
of figure 42, follow the vertical line to its intersection with the lowest 
curve; then from this point follow the horizontal line to the scale at 
the left, which gives the heat loss as 3 per cent of the total heat in 
the coal. 

If the gases contain 10.3 per cent of CO, and 0.8 per cent of CO, 
then the vertical line representing 0.8 per cent CO is followed to the 
highest curve, and from this intersection point a horizontal line is 
followed to the scale at the left, which indicates the heat loss to be 
5.1 per cent of the total heat in the coal. Similarly, if the content 
of CO, in the furnace gases is 12.2 per cent the middle curve is used 
for the determination of the heat loss. 


TEMPERATURE DROP ALONG THE PATH OF GASES IN THE LONG 
COMBUSTION CHAMBER. 


Column 17 of Table 3 shows that there is a steady temperature 
drop along the path of gases from section A to section G. This tem- 
perature drop is mainly due to the following causes: 

(a) Some heat is absorbed from the products of combustion by the 
water in the gas-sampling tubes. 

(b) Some heat is radiated from the walls and roof of the furnace. 

(c) Some heat is radiated to the opening under the boiler. 

(d) The temperature measured at section A is too high because 
the pyrometer was sighted on the flames, which were at a higher 
temperature than the gases. 


HEAT ABSORBED BY WATER IN GAS SAMPLERS. 


The heat absorbed by the cooling water in the gas samplers is by 
far the greatest cause of the temperature drop from A to G as shown 
by actual determination in test 179. The weight of water circulated 
through the samplers per hour as measured by a meter was 34,760 
pounds. The rise in temperature of the water due to the absorption 
of heat from the furnace was 44 F. The total heat absorbed and 
carried away by the water was 34,760 x 44=1,529,440 B. t.u. The 
weight of gases passing through the furnace per hour, figured from 
the gas analysis and the rate of combustion, was 28,320 pounds. If 
the average specific heat of gases at the furnace temperature be taken 
as 0.2774, the heat given up by the gases for each degree of tempera- 
ture drop is 28,320 x 0.2774 =7,856 B. t. u. Therefore the tempera- 
ture drop caused by the loss of 1,529,440 B. t. u. to the gas samplers is 
1,529,440 + 7,856 =195° F. or 109°C, 
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The high rate at which these samplers absorbed heat is worthy of 
note. The quantity of heat absorbed by the samplers per hour is 
equivalent to a rate of heat absorption of 1,529,440+33,300 =46 
boiler horsepower. | 

There were 16 samplers, each 14 inches in outside diameter and 23 
inches in length, exposed to the furnace gases. This gives a total 
heating surface of a little under 10 square feet. Each square foot 
of the heating surface transmitted an amount of heat equivalent to 
4.6 boiler horsepower, or one horsepower was generated on less than 
0.22 square foot of heating surface. 

These figures compare favorably with the figure 0.357 square foot 
of heating surface per boiler horsepower, which is the rate of heat 
transmission of the lowest row of boiler tubes at the point where the 
hot products of combustion first come in contact with the boiler, as 
determined in tests described in Technical Paper 114.¢ This rate 
was computed from the measured temperature drop through the 
metal of the tube. The difference between the two figures is in the 
right direction. It stands to reason that the samplers absorb more 
heat than boiler tubes because the temperature in the furnace is 
higher and more heat is imparted to them by radiation than to the 
boiler tube. 


RADIATION LOSSES FROM WALLS AND ROOF OF FURNACE. 


In furnace tests described in Bulletin 8,° it is shown that about 
465,600 B. t. u. is radiated from the walls and the roof of the furnace 
per hour. This radiation loss reduces the temperature of the gases 
by 465,600 + 7,856 = 59° F. or 33° C. 

The heat absorbed by the cooling water in the gas samplers and 
the heat radiated account for 141° C. of the temperature drop of 
the gases at the end of the combustion chamber. There is still a 
drop of about 59° C. to be accounted for. 


HEAT RADIATED TO OPENING UNDER BOILER. 


Part of this unaccounted for temperature drop of 59° C. is due 
to heat radiation from the fuel bed and flames to the opening under 
the Heine boiler. The surfaces of the space under the boiler are at 
a considerably lower temperature than the flames at section A of 
the furnace. On account of this temperature difference the flames 
impart heat by radiation to these surfaces. The radiation is both 
direct, as shown by the straight line in figure 43, and reflected, as 
shown by the zigzag lines. In the latter instance the heat is radiated 


a Kreisinger, Henry, and Barkley, J. F., Heat transmission through boiler tubes: Tech. Paper 114, 
Bureau of Mines, 1915, p. 25. 

b Ray, W. T., and Kreisinger, Henry, The flow of heat through furnace walls: Bull. 8, Bureau of Mines, 
1911, 32 pp. 
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from wall to wall owing to the difference of temperature between 
successive portions of the inner surfaces. In figure 43 these de- 
scending temperature steps are indicated 
byt, 1.,.),, and 1,. Of course,an real- 
ity there are no such sudden steps; the 
high temperature gradually shades down 
through an infinite number of interme- 
diate temperatures. The heat also travels 
in a similar zigzag manner by actual 
reflection from the surfaces as light does 
from smooth objects. It is difficult to 
estimate the quantity of heat transmitted 
from the flames to the surfaces under the 
boiler, and the corresponding temperature 
drop due to it; probably it does not ex- 
ceed 25° C. 


TEMPERATURE OF FLAMES AT SECTION A 
HIGHER THAN AVERAGE TEMPERATURE 
OF GASES AT THE SAME SECTION. 


As the particles of combustible burn, 
the heat generated by their combustion 
raises the temperature of the particles 
immediately surrounding those in the 
process of combustion above those farther 
away, and time is required before the tem- 
perature is equalized. Thus, the flames 
contain centers of combustion with tem- 
peratures higher than the average temper- 
ature of the gases at the same cross 
section. When an optical pyrometer is 
used for measuring the temperature, the 
instrument unavoidably covers with its 
field some of these centers of intense com- Ficure 43.—Diagram showing tem- 

3 g ? perature drop from radiation. 
bustion and gives a reading somewhat 
higher than the average temperature. It is difficult to estimate the 
error due to this cause, but in most of the measurements it probably 
is not over 50° F. 

The temperature drop due to the first three causes mentioned is 
less as the rate of combustion increases. Thus comparison of figures 
11 and 12 show that in test 179 having a rate of combustion of 59 
pounds the drop is much less than in test 173 having a rate of com- 
bustion of 39 pounds. 


| 
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DISCUSSION OF THE PROCESS OF COMBUSTION ABOVE THE 
FUEL BED. 


The weights of the combustible gases, tar, and soot in the furnace 
gases for a number of tests with Pittsburgh screenings are shown in 
Table 11 following: 

TaBLE 11.—Results showing weights of combustible gases, tar, and soot rising from fuel 
bed, in grams per cubic foot of gas at 60° F. and 30 inches pressure. 


{All tests made with Pittsburgh screenings. ] 
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a In the results 0 indicates samples collected at surface of fuel bed, 11 indicates samples collected 11 inches 
from fuel bed, and A indicates samples collected at section A of the combustion chamber. 
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TABLE 11.—Results showing weights of combustible gases, tar, and soot rising from fuel 
bed, in grams per cubic foot of gas at 60° F. and 30 inches pressure—Continued. 
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The last column of Table 11 shows that of the combustible matter 
rising from the fuel bed, roughly 12 per cent is in the form of tar and 
soot. Immediately at the surface of the fuel bed the quantity of tar 
is large, but decreases rapidly as the gases pass through the com- 
bustion space. On the other hand, the soot increases durmg the 
first foot of the gas travel. This fact is shown in figure 44, compiled 
from tests made with Pittsburgh screenings. In the left half of the 
figure the tests are grouped according to rate of combustion regardless 
of air supply. In the right half of the figure the tests are erouped 
according to excess air supply regardless of the rate of combustion. 
The object of grouping the tests together was to avoid the plotting of 
too large a number of curves, and also to bring out better the general 
relation between soot and tar at the different places of sampling. 
The results of individual tests vary so much among themselves that 
the general tendency is not easily apparent. Furthermore, it was 
thought desirable to bring out the effect of the rate of combustion 
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3 
AVERAGE LENGTH OF GAS TRAVEL FROM ‘SURFACE OF FUEL BED, FEET 


FIGURE 44.—Weight of soot and tar in furnace gases at the surface of, 1 foot from, and an average of 5 feet 
from the fuel bed. Tests made with Pittsburgh screenings. Tests at left are grouped according to 
rate of combustion regardless of air supply; those at right are grouped according to air supply regardless of 
rate of combustion. 
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and the excess of air on the quantity of tar and soot if any such effect 
existed. The abscissa in the figure is the length of gas travel from 
the grate, the ordinates are grams of soot or tar per cubic foot of gas. 
The weight of tar and soot was obtained from samples collected as 
described on page 20. 

In general an increase in the rate of combustion and in the excess 
of air is accompanied by a decrease in the quantity of soot, and 
particularly in the quantity of tar. With all rates of combustion 
and all excess of air there is a large decrease in the quantity of tar 
and a moderate increase in the quantity of soot during the first foot 
of the length of gas travel. This last statement is true of four 
groups out of five. This decrease in the quantity of tars and in- 
crease in the quantity of soot seems to indicate that the volatile 
matter leaves the fuel bed as heavy hydrocarbons mostly in the form 
of tars. These tars are decomposed by the high furnace tempera- 
ture and the absence of oxygen into soot and lighter, mostly gaseous 
hydrocarbons. The process of the decomposition of the hydrocar- 
bons very likely consists of a number of consecutive reactions, each 
step of which is accompanied by the deposition of soot and forma- 
tion of lighter hydrocarbons. This process of decomposition is com- 
plicated by the presence of CO,, which reacts with soot and combus- 
tible gases and is itself reduced to CO. Some of the possible reduc- 
tions are indicated by the chemical equations on page 124. The 
decomposition and reduction proceed toward the simple gases 
CO and H,. This view is supported by the fact that samples col- 
lected at section A contain only a trace of tars and CH,, and a con- 
siderable percentage of CO and H,. Of course, the process of com- 
bustion takes place along with the process of decomposition as far 
as the supply of oxygen and the mixing makes combustion possible. 
However, it would be difficult to account for the absence of tarry and 
gaseous hydrocarbons and the high percentages of CO and H, at 
section A without decomposition and reduction; for, if combustion 
alone is considered, the simple gases CO and H, would burn first, 
leaving the heavier compounds to be consumed last. 

The length of time in which the tars are decomposed into soot 
and gases is very short. At the rate of combustion of 30 pounds 
per square foot of grate per hour the gases travel with a velocity of 
about 10 feet per second. As most of the tars disappear during 
the first foot of the gas travel from the fuel bed, the time taken for 
the decomposition of the tar is about one-tenth of a second. This 
high rate of decomposition is undoubtedly due to the high tempera- 
ture near the fuel bed, which in the tests was probably not less than 
1500° C. 
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SMOKE IS FORMED AT OR NEAR SURFACE OF THE FUEL BED. 


In the light of the preceding discussion it appears that the soot, 
which is the main constituent of visible smoke, is formed at, or very 
near, the surface of the fuel bed and not at the place where the fur- 
nace gases strike the heating surfaces of the boiler. The heating 
surfaces merely cool the gases surrounding the soot, thereby pre- 
venting its combustion. The formation of soot at the surface of 
the fuel bed is caused by the high furnace temperature and absence 
of oxygen. It is possible that if oxygen was present in sufficient 
quantity at the time of distillation of volatile matter, the heavy 
hydrocarbons would burn directly to products of complete com- 
bustion, CO, and H,O, without first decomposing and depositing 
soot. 

The different processes that may take place according to whether 
the volatile matter is distilled in the presence of different concen- 
trations of oxygen or in its entire absence can be ilhistrated by the 
known behavior of methane at high temperature. 

In the presence of a sufficient supply of oxygen methane burns 
completely, according to the equation: 


(1) CH,+20,=CO,+2H,0 


With insufficient supply of oxygen partial combustion and de- 
composition of methane take place, which processes are represented 
by the equations: 

(2) CH,+0,=CH,0+H,0 
(3) CH,=C-+2H, 

In complete absence of oxygen .only the process expressed by 
equation 3 takes place. The carbon precipitates as soot. 

With the heavy hydrocarbons the effect of the concentration of 
oxygen is probably more pronounced because of the great multi- 
plicity of simpler compounds into which they can be decomposed. 

After the soot has once been formed it is difficult to burn it in the 
atmosphere of the furnace. This fact has been observed by many 
_ Investigators, and some of the early writers on combustion even 
considered soot as noncombustible. At present no support can be 
found for this extreme view, as it can be easily shown that soot 
burns readily if oxygen is furnished in highly concentrated form. 
For example, if soot is mixed in the right proportion with potassium 
chlorate and the mixture thrown on a porcelain plate heated to 
about 500° C., the soot burns almost instantaneously with a bright 
flash. Also, if soot is placed in a bomb calorimeter and surrounded 
with an atmosphere of compressed oxygen, and a source of ignition 
applied, it burns completely in a very short time. | 
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CAUSES OF THE SLOW BURNING OF SOOT IN A FURNACE. 


The soot burns very slowly in the furnace gases because the oxygen 
is greatly rarified, the gases containing only a few per cent of free 
oxygen; it burns rapidly in the bomb calorimeter or in mixture 
with potassium chlorate because it is surrounded with highly con- 
centrated oxygen ready to combine with it. 

As a matter of fact, all combustible substances burn slowly in an 
atmosphere of highly diluted oxygen, but in the case of soot this slow- 
ness is much more pronounced. The reason for the very slow com- 
bustion of soot in highly diluted oxygen probably lies in its complex 
molecular structure. It is commonly supposed that a molecule of soot 
consists of a considerable number of atoms, and that a similarly large 
number of molecules of oxygen is required to come in contact with 
the molecule of soot before the latter can combine with the oxygen. 
The chances of the molecule of soot finding this large number of mole- 
cules of oxygen in the furnace gases are small, and hence the slow com- 
bustion. ‘Thus assuming the molecule of soot to consist of 12 atoms 
and represented by the symbol C,,, there will be required 12 mole- 
cules of oxygen to burn the one of soot. The reaction for the combus- 
tion of the soot may be expressed by the formula C,, +12 O, =12CO,. 
For comparison the reaction for the combustion of CO is given in the 
following equation, 2 CO+0O,=2 CO,. 

It is easy to understand that the two molecules of CO can find one 
molecule of oxygen in the furnace gases much more quickly than one 
molecule of soot can find 12 molecules of oxygen. Therefore simple 
gases like CO and H, burn quickly in the furnace, because they more 
readily find the small amount of oxygen needed for their combustion ; 
whereas the more complex combustible like soot burns slowly because 
it can not readily find enough oxygen to effect its combustion. 

In general, it may be said that the more complex a molecule of com- 
bustible is, the slower is its combustion in any given concentration of 
oxygen. 

At present nothing is known of the molecular structure of soot; 
the number 12 has been taken only for illustration. There are indi- 
cations that the actual index number is higher than 12 rather than 
lower. Experience with burning soft coal shows that if soot is once 
formed a large percentage remains floating in the gases after all other 
gaseous combustible has been almost completely burned. In a hand- 
fired furnace analysis of the flue gases will sometimes show no CO 
when at the same time black smoke is coming out of the stack. Even 
a very large combustion space is not an unfailing solution for burning 
soot, without a large excess of air. In the experimental furnace hav- 


118 COMBUSTION OF COAL AND DESIGN OF FURNACES. 


ing a long combustion chamber, when a shovelful of coal was spread 
over the fuel bed the smoke traveled the full length of the combustion 
chamber and came out of the stack in spite of the apparent whirling 
motion of the gases and the high temperature in the combustion 
space. 


REASON FOR SUCCESS OF MECHANICAL STOKERS IN BURNING 
- SOFT COAL WITHOUT SMOKE. 


It seems that most mechanical stokers are smokeless not because 
they burn the smoke, but because they burn the coal in such a way 
that very little soot or smoke is produced. Hand-fired furnaces are 
smoky because soot is produced in or near the fuel bed, and can not 
be burned in the limited combustion space of the furnace. 

Two of the most important conditions that make mechanical 
stokers successful in burning smoky coal without smoke probably are: 
(a) Slow and uniform heating of the coal with the result that a large 
part of the volatile matter is distilled at low temperature, and (5) dis- 
tillation of the volatile matter occurs in presence of oxygen. 

The great advantage of uniform feeding of coal and air with me- 
chanical stokers is pointed out and discussed in Technical Paper 802 
and is generally known, so that no space need be devoted to it in this 
discussion. 


DISTILLATION OF VOLATILE MATTER AT LOW TEMPERATURE. 


Distillation at low temperatures favors the formation of light hy- 
drocarbons of the paraffin series which contain more hydrogen and less 
carbon than the hydrocarbons of the aromatic group, which are dis- 
tilled at high temperature. The hydrocarbons of the paraffin series 
are more stable at high temperatures and on account of their higher 
hydrogen content are more apt to burn completely without deposit- 
ing soot than the compounds containing more carbon. It requires 
one molecule of oxygen to burn completely one atom of carbon, 
whereas one molecule of oxygen burns completely four atoms of 
hydrogen. Thus of two compounds having the same number of atoms 
in a molecule, the one having more hydrogen requires less oxygen 
for its combustion, and therefore, in the same concentration of oxygen 
will burn more readily. Instead of the volatile matter being dis- 
tilled as a heavy hydrocarbon of the composition, say, C,,H,, and then 
.educed to 3 CH, by dropping C,,, the volatile matter should be dis- 
tilled as light hydrocarbons, such as CH,, and the carbon left in the 
fuel bed as fixed carbon, in which form it can be burned without any 
trouble to CO, or CO. In the atmosphere above the fuel bed it is 


a Kreisinger, Henry, Hand-firing soft coal under power-plant boilers: Tech. Paper 80, Bureau of Mines, 
1915, p. 18. 
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much easier for a molecule of CH, to find two molecules of oxygen 
for its combustion than it is for a molecule of C,,H,, to find its re- 
quirement of 18 molecules. ‘The general formulas of the more com- 
mon hydrocarbon compounds are given in the table following: 


Some of the more common hydrocarbons arranged in order of decreasing contents of 


hydrogen. 

Compound. Formula. 

Parathnss. ..6-.52.2---%.- <- Ggbl kis 
Unsaturated hydrocarbons. .......-- {oles (ethylene).....--.. C,Hon 

Coty lott. e4y seit a G,Ho.—2 

Benzenes >. <2. -8 en» ploy g 
Aromatic hydrocarbons........-.-- Naphthaline.<. 22... 2. Crs 19 

Anthracine ss oa. liao: os Ges 


In the above table attention is called to the decrease of the hydro- 
gen contents as we pass from paraffins through the unsaturated and 
aromatic hydrocarbons to the anthracine. If these formulas be con- 
sidered as purely arithmetical formulas it is plain that in the anthra- 
cines the m can not be less than 10, whereas in the case of paraffins 
n is as low as 1, which gives the formula of methane, CH,, which is 
the lightest hydrocarbon and burns more readily than any other 
carbon-hydrogen compound. A molecule of methane needs for its 
complete combustion two molecules of oxygen, as shown by equa- 
tion / following: 

(1) CH,+20,=CO,+2H,0. 
On the other hand, the lightest anthracine imaginable would be 
C,,H,, which would take not less than 11 oxygen molecules. The 
lightest anthracine known is C,,H,,, which burns according to aqua- 
tion 2. 
(2) 20,,Hjo+330,=28C0,+10H,0. 

That is, to burn two molecules of anthracine would require 33 mole- 
cules of oxygen. 

The preceding discussion shows the advantage of distilling volatile 
matter at low temperatures producing mostly paraffins or other hy- 
drocarbons having light molecules. The furnace should be so de- 
signed that the distillation takes place at low temperature. After 
the volatile matter is distilled air should be added and the mixture 
then passed through a hot chamber. 


DISTILLATION OF THE VOLATILE MATTER IN PRESENCE OF OXYGEN. 


The principal methods of feeding coal and air in commercial fur- 
naces are indicated in figure 45. In the hand-fired furnace (A) the 
air first comes in contact with the partly burned coal at the bottom 
of the fuel bed containing no volatile matter. Before the air reaches 
the distillation zone at the top of the fuel bed all the oxygen is prac- 
tically used, so that the distillation occurs in absence of oxygen. 
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The heat is imparted to the freshly fired coal by conduction and by 
radiation from the hot fuel bed below, by convection from the hot 
gases passing through it, and by radiation from the hot furnace walls 
and fire-brick arches, if there happen to be any. Therefore the heat- 
ing of the fresh coal is very rapid. In the side-feed types of stoker 
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FIGURE 45.—Principal methods of feeding coal and air in commercial furnaces. 


(B and C) the distillation zone extends the full thickness of the fuel 
bed, and the air comes in contact with the fresh coal before the oxy- 
gen is all used, so that the distillation occurs in an oxidizing atmos- 
phere. The heat is imparted to the fresh coal by conduction and 
radiation from the hot coal in front, and by radiation from the hot 
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furnace walls and arches. No heat is imparted by convection from 
the air passing through. Therefore the heating is slower than in.a 
hand-fired furnace. In the underfeed type of stoker (D). the air and 
coal is fed into the furnace in the same direction, so that. the distilla- 
tion occurs in air with its content of oxygen previously undiminished 
by combustion. The same is true in the burning of pulverized coal. 
In the underfeed stoker the heating of the coal takes place only by 
conduction and radiation from the upper layers of the fuel bed, 
against the convection from the stream of cold air. The heating is 
therefore slow. . 

A study of figure 45 will show that in most of the common types of 
mechanical stokers the distillation of volatile matter occurs in the 
presence of oxygen, whereas in hand-fired furnaces the distillation 
takes place in almost entire absence of oxygen, all of the latter being 
consumed as it passes through the fuel bed.* Even if there should 
besome tendency to decomposition with the mechanical stokers, the 
presence of large percentages of oxygen. at the point of distillation 
makes it possible for the hydrocarbons to react with oxygen before 
the deposition of carbon can really take place. 

High temperatures such as exist in boiler furnaces and absence of 
oxygen promote the decomposition of all hydrocarbons, including 
methane, the lightest of the paraffin series, one of the products of 
decomposition being soot. 

When methane is burned with insufficient air supply, it burns with 
a yellow flame and deposits soot. Therefore, natural gas, which con- 
sists mostly of methane, should be burned with some excess of air and 
with provision for obtaining a good burning mixture; otherwise soot 
will be deposited and gas will be wasted, owing to incomplete com- 
bustion. In this respect natural gas differs greatly from producer 
gas, the latter consisting mostly of carbon monoxide, which does not 
readily decompose. An instance showing the difference in the behav- 
ior of the two gases came recently to the writer’s attention. A por- 
celain-ware manufacturer used producer gas for burning his product. 
The kiln in which the burning was done had one chamber for the ware 
and another surrounding it for the burning of the gas, the two cham- 
bers being separated by a partition of a highly refractory material. 
The products of combustion did not come in direct contact with the 
ware, so that the heat had to be transmitted through the partition. 
The gas to be burned was introduced into the combustion chamber 
all at one point, but to have the temperature more uniform throughout 
the chamber, air was admitted at several points along the path of the 
combustion gases. Thus the process of combustion was distributed 
over a large space and nearly uniform temperature was obtained. 
Renae ree ie at ee ee ST OR eee 

a Kreisinger, Henry, Ovitz, F. K., and Augustine, C. E., Combustion in the fuel bed of hand-fired furnaces, 
Tech. Paper 137, Bureau of Mines, 1916, 76 pp. 
91662°—17—Bull, 1859 
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This method of obtaining uniform temperature worked splendidly 
with producer gas. The owner was persuaded to change to natural 
gas, and when he tried the same method of burning it as he used with 
the producer gas, he found that a layer of soot was deposited on the 
partition, preventing to a large degree the transfer of heat to the ware. 
At the same time a large part of the heat value of the carbon in the 
methane was never developed, owing to deposition as soot. He used 
entirely too much gas and obtained unsatisfactory results. 

The amount of air admitted at the point where the gas was intro- 
duced, which was by design far from enough for complete combus- 
tion, was sufficient to heat the methane to a temperature at which 
it decomposed into carbon, hydrogen, and some carbon monoxide. A 
large part of the carbon settled on the surface as soot while the hydro- 
gen and carbon monoxide were burned with the air added along the 
path of the gases. 7 

When changing to natural gas the method of burning it should also 
have been changed. The gas should have been introduced into the 
kiln in a number of small jets evenly distributed over the area where 
uniform temperature was desired. With each gas jet a sufficient 
amount of air should have been supplied to insure complete combus- 
tion and thus prevent the deposition of soot. 

This affords a very instructive example of what happens when the 
hydrocarbons are burned with insufficient air supply. By air supply 
is meant the air available for combustion at the point wherethe hydro- 
carbons are heated or generated in the furnace; any air that is added 
later along their path, is added too late, because the hydrocarbons 
are already decomposed by heat into soot and more stable gases. 
To insure rapidity and completeness of combustion in burning 
soft coal the distillation of volatile matter, which consists mainly of 
hydrocarbons, should take place in the presence of oxygen in order 
to prevent the formation of soot. In most mechanical stokers this 
condition is more or less closely approached; in hand-fired furnaces 
it is not. As shown in Technical Paper 137% no oxygen penetrates 
to the distillation zone in hand-fired furnaces, hence the decomposi- 
tion of the hydrocarbons in presence of CO, into soot, CO and H,. 

The two conditions for smokeless combustion with mechanical 
stokers could be perhaps applied to gas producers to eliminate soot 
and tar from the producer gas; that is, to distill the volatile matter at 
low temperatures and in strongly oxidizing atmospheres so that the 
hydrocarbons burn to the products of complete combustion, CO, and 
H,.O; then by passing these products through a bed of hot coke to de- 
compose them into CO and H,. This process of gasification is similar 
to that which takes place in the underfeed type of mechanical stoker. 


a Kreisinger, Henry, Ovitz, F. K., and Augustine, C. E., combustion in the fuel bed of hand-fired fur- 
naces; Tech. Paper 137, Bureau of Mines, 1915, 76 pp. 
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STABILITY OF HYDROCARBONS. 


Hydrocarbons are decomposed or cracked by heat. Carbon and 
hydrogen are the ultimate products when cracking is carried to the 
end. The decomposition isa complicated process, the exact mechan- 
ism of which is not known, but it is governed by the laws of physical 
chemistry. Equilibrium conditions determine the extent to which 
cracking occurs, and the values of the equilibrium constant depend, 
among other factors, upon the temperature and pressure. High 
temperature favors cracking because most of the reactions take place 
with absorption of heat. The influence of pressure need not be con- 
sidered here as the pressure in boiler furnaces is always very nearly 
atmospheric. 

Mayer and Altmayer investigated the stability of methane and 
found the following percentages were stable in the presence of 
hydrogen. 


Percentage of methane in equilibrium with hydrogen and carbon at varius temperatures.2 


Temperature, C.........-.-- 250° = 450° 550° 750° 850° 
CHa percents? Pe h.222 Se 98.79 76. 80 46. 69 6. 08 1.59 


The reaction is represented by the expressionCH,=C+2H,. At 
850° C. and atmospheric pressure 1.59 per cent of methane is in 
equilibrium with hydrogen whose partial pressure is then 0.9841 
atmospheres. As the partial pressure of the hydrogen decreases the 
equilibrium pressure of methane decreases also. The partial pressure 
of hydrogen in the furnace is small and the temperature much higher 
than 850° C., therefore it is evident that only a very small percentage 
of methane can exist in equilibrium in a boiler furnace. This deduc- 
tion is confirmed by the fact that only small traces of CH, were found 
in the long combustion chamber, except immediately at the surface of 
the fuel bed before it had had sufficient time to decompose. 

Such equilibrium conditions as given for methane are not available 
for other hydrocarbons present in furnace gases, but experimental 
data show that methane is much more stable than ethylene or ethane. 
In general, the simple hydrocarbons are more stable than those of 
higher molecular weight. 

Equilibrium conditions, although they tell the extent to which 
cracking will proceed if allowed sufficient time, do not give any 
information as to the velocity of decomposition, which is important 
in furnace and gas-producer practice. 

The process of decomposition of hydrocarbons is probably a 
gradual dehydrogenation. Compounds of higher molecular weight 
are decomposed into compounds of lower molecular weight with 
liberation of hydrogen or a simple hydrocarbon. These intermediate 


a Haber, F., Thermodynamics of technical gas reactions, Translation by Lamb., A. B., 1908, p. 345, 
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compounds are in turn decomposed. Some of the products, par- 
ticularly the carbon, may polymerize to form compounds of higher 
molecular weight. The decomposition does not follow any single 
path, but is influenced by the temperature and pressure. The ulti- 
mate products are carbon and hydrogen. 

Black smoke is the result of this decomposition of hydrocarbons 
driven from coal as volatile matter. The black part of smoke 
consists almost entirely of finely divided carbon. . Analyses of the 
solid portion, or soot, show it to be nearly pure carbon, with a little 
tar and ash. 

The temperatures in a boiler furnace are much higher than ‘those 
given in the preceding table and therefore more rapid decomposition 
would be expected. Gases collected above the fuel bed of the 
furnace described in this bulletin contained only.a small percentage 
of methane. At an average distance of 5 feet from the fuel bed 
one or two tenths of a per cent of methane was frequently found, 
which is about the limit of accuracy of the methods of gas analysis 
used. Unsaturated hydrocarbons which were found in the gas sam- 
ples collected at the surface of the fuel bed had entirely disappeared 
at an average distance of 5 feet, and in most cases none were found 
11 inches above the fuel bed. 

Although the direct decomposition of hydrocarbons by heat may 
be a slow process, methane especially being decomposed slowly, 
their disappearance in the furnace may be quickened by their reaction 
with oxygen or some of the products of combustion such as CO, and 
H,O. The following equations indicate some of the reactions that 
may occur: 


(1) CH,+20,=CO,+2H,0 (5) C,H,+0,—200+42H, 
(2) CH,+C0,=2C0+2H, (6). C,H, +2C0,=400-+2H, - 
(8) CH,+H,0O=C0+3H, (7) C,H,+2H,0=200+4H, 


(4) C,H,+30,=2C0,+2H,0 


Only when combustion is very poor, owing to inadequate space 
above the fuel bed and rapid cooling of the gases, are hydrocarbons 
likely to be found in flue gas. 

What has been said regarding the decomposition. of iousatt akan 
gases applies also to the cracking of tar. Tar is a complex substance 
containing hydrocarbons of high molecular weight, which are liquid or 
solid at ordinary temperature. 

Lunge ® gives a list of over 200 compounds which have been 
found or may reasonably be presumed to exist in coal tar. In con- 
trast with gaseous hydrocarbons those which are liquid and. solid 
contain a much larger number of carbon atoms in the molecule and 
consequently deposit more carbon when they are cracked. 


ee 


b Lunge, G., Coal tar and ammonia, 4th ed.,1909, p. 160. 
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Tar exists in the furnace in the form of vapor, an ideal condition for 
cracking. The small globules present a large surface for absorption 
of heat from the gases and hot furnace walls, and are quickly heated 
to a high temperature, which favors the formation of carbon. 

On account of the complex nature of tar a great many reactions 
are involved in its decomposition. In general, the cracking is 
similar to that of hydrocarbon gases but many more compounds are 
involved and the result is a very complicated equilibrium among a 
large number of hydrocarbons. Very little experimental data are 
available on equilibrium and the velocity of these reactions; however, 
the high temperature in the furnace and the fact that the tar is in a 
state of fine subdivision favor rapid cracking and the formation of 
large amounts of carbon. This view is supported by the results 
shown in figure 44. 

Table 11 also shows that the greatest amount of tar is found 
with a larger proportion of soot. The content of tar in the gases 
decreases rapidly as the distance from the fuel bed increases; at an 
average distance of 5 feet the tar has very nearly disappeared. 

The velocity of combustion of hydrocarbons is faster than velocity 
of decomposition; therefore, combustion will take precedence over 
decomposition. For this reason air supplied over the fuel bed 
should be admitted as near to the surface of the bed as possible and 
mixed with the hydrocarbons, so that they will be burned before 
they are decomposed by heat and form smoke, which is difficult to 
burn in the rarified oxygen of the furnace. 


PHYSICAL CHEMISTRY OF COMBUSTION OVER THE FUEL BED. 


Combustion over the fuel bed is a chemical reaction between 
gaseous oxygen on the one hand and gaseous, liquid, and solid com- 
bustible, which rises from the fuel bed, on the other hand. The 
gaseous and liquid combustible results from gasification of fixed 
carbon on the grate and distillation of volatile matter. The solid 
combustible consists chiefly of finely divided carbon, known as soot, 
which is produced by decomposition of volatile matter. Also par- 
ticles of coal are carried along with the current of gases. To burn 
these gaseous, liquid, and solid combustible materials oxygen must 
be supplied by admitting air over the fuel bed. The velocity and 
completeness of combustion are influenced by concentration, mixing, 
temperature, and time of contact of oxygen and combustible, and 
therefore a knowledge of their effects is important. 


CONCENTRATION OR MASS ACTION. 


According to the kinetic theory, gases consist of freely moving 
molecules. The contacts or collisions among molecules of different 
nature produce chemical action. Therefore for complete combustion 


126 COMBUSTION OF COAL AND DESIGN OF FURNACES. 


to take place in. the mixture of gases, each molecule of the combustible 
must come in contact with the number of oxygen molecules required 
to burn it. The concentration or number of molecules of combusti- 
ble gas and oxygen in a unit volume will influence the number of 
collisions taking place. According to the law of mass action, the 
velocity of a chemical reaction in the combustion process is propor- 
tional to the products of the concentrations of the oxygen and the 
combustible substances; that is, if one molecule of substance A 
reacts with one molecule of substance B the velocity of the reaction 
at any moment is proportional to the product of the number of mole- 
cules of A and B present in unit volume. If several molecules of 
one substance are taking part in the reaction, the concentration of that 
substance must be raised to the corresponding power. ‘Thus if one 
molecule of substance A reacts with two molecules of substance C 
the velocity of the reaction will be proportional to the number of mol- 
ecules of substance A in unit volume multiplied by the square of the 
number of molecules of substance C in unit volume. Thus it can 
be said that the velocity of a chemical reaction increases when the 
concentration of the reacting substances increases. 

In the combustion of coal the law of mass action manifests itself 
by the fact that in boiler furnaces a considerable excess of air above 
the theoretical requirement is necessary to insure complete combus- 
tion within the furnace. If the air supply is reduced to nearly the 
theoretical amount the combustion is so slow that a large percent- 
age of the gases may leave the furnace before they are burned. With 
low excess of air the time required to complete the combustion is 
long and the combustion space must be large. This fact is shown by 
the positions of the curves representing the different excesses of air 
in figures 29 and 30. In combining with the oxygen, carbon monoxide 
forms carbon dioxide according to the following reaction: 


2 CO+0,=2 CO, 


It can be easily seen that if there are two molecules of carbon 
monoxide and 10 molecules of oxygen in a unit volume, the chances 
of one molecule of oxygen meeting two molecules of carbon monoxide 
are greater than if there were only two molecules of oxygen present. 
When oxygen in a mixture of air and combustible in the furnace 
unites with carbon monoxide, this oxygen is no longer available for 
oxidation of the remaining combustible gas. Furthermore, the mol- 
ecules of oxygen and combustible gas removed are replaced by the 
products of combustion which dilute the mixture, and the remaining 
molecules of oxygen and combustible gas come in contact less fre- 
quently. As combustion proceeds the concentration of the oxygen 
and combustible gas becomes less and less and the velocity of com- 
bination becomes slower and slower. 
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When dealing with the law of mass action the concentration of the 
chemical substances is expressed in gram molecular units. The 
volumetric weights of gases are directly proportional to their molec- 
ular weights, because equal volumes of all gases at the same tempera- 
ture and pressure contain the same number of molecules. There- 
fore, with gases analyzed volumetrically all that is necessary is to 
substitute the volumetric percentages in the equation corresponding 
to the particular reaction and obtain the relative rate of combustion, 
assuming the same temperature and pressure in each case. For 
example, two samples of gas collected at section C of the combustion 
chamber showed the following percentages of O, and CO, the 
temperature in each case being 2400° F.: 

(1) O,=4.0 per cent, CO=0.5 per cent. 

(2) O,=7.0 per cent, CO=0.4 per cent. 
The rest of each sample was nitrogen, carbon dioxide, and water 
vapor. What was the relative velocity of combustion of CO at each 
of the two sections? The equation representing the reaction between 
oxygen and carbon monoxide is 2CO+0,=2 CO,. At a tempera- 
ture of 2400° F. the dissociation of CO, is only about 0.2 per cent. 

Therefore one may say with close accuracy that the reaction at 
this temperature is not reversible but proceeds to a finish from left 
to right. The relative rates of combustion in the two cases are: 

(1) 4.0X0.5°=1.0. 
(2) 7.0X0.42=1.12. 

The velocity of combustion in the second case is greater on account 
of higher concentration of CO. 

Another example is given in the following: Assume that the gas 
mixture in the long combustion chamber contains at section A 
10 per cent CO and 9 per cent O,, and at section C 0.6 per cent CO 
and 4.0 per cent O,, what are the relative rates of combustion of 
CO in each case? The rate of combustion of CO at section A is 
9x 10?=900, whereas the rate of combustion of CO at section C 
is 4x 0.62=1.62. These figures show that the rate of combustion of 
CO is over 500 times as fast at section A as it is at section C. 

The following table gives the CO amd O, content in the furnace 
gases sampled in test 187 at four sections of the path of gases, and 
_the corresponding relative velocities of combustion calculated as in 
the two preceding examples. The four sections are: The surface 
of the fuel bed, 11 inches from the surface of fuel bed, section A, and 
section C. The calculated relative velocities are shown in figure 13 
(p. 54) by the dotted curve which is nearly parallel to the curve of 
total combustible. With this dotted curve the scale at the right 
of the figure should be used. 


a Nernst, W., and Wartenberg, H. von, Ueber die dissociation der Kohlensiuren: Ztschr. Phys. Chem., 
Bd. 56, 1906, p. 548. 
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Conient of CO and O, in furnace gases of test 187 and the corresponding relative velocity 
of combustion of CO. 


Relative 
CO in Oe in velocity 


Point of sampling. gases. gases. 


Per cent. | Per cent. 
16. 4 


AT SUTIACe OTOL DOU. ote ee yes rae tes SNe ee ee er eae 1.3 350 
11 inches from fuel bed.....- pe a Rhee eee Tbe Ge eRe Se ee Dee Rep Coma RSs 6.4 2.9 119 
SGCELO RAR SI He ER TOURING PURE Erte nro A cote hte) nich eo eta PP 3.1 3.2 31 
Sention Co. ; sues. Mee y. SEE BOR ay. ee ee, ry Tee ee eee 0. 4 4.9 0.78 


When several combustible gases with more complex molecular 
structure are present, the calculation of velocities of reactions 
becomes complicated by reactions among the combustible gases 
themselves. The reactions are interrelated and can not be con- 
sidered independently, but with simple gases such as in CO and H, 
less complication from side reactions is to be feared than with com- 
plex substances. At any rate the law of mass action is a valuable 
guide in such problems, and if the facts. do not fit proved formulas 
well, usually too little theory has been applied, and some refining 
corollaries must be added. 

With more than one combustible gas of simple molecular structure, 
the combined velocity of combustion can be obtained by adding 
together their individual velocities. However, care must be taken 
not to add these velocities without first multiplying each by the 
proper constant for that particular gas. At present not all of these 
constants are known, therefore it is not feasible to formulate an 
expression for the comparative total velocities of combustion of all 
the constituents taken together at several points along a flame. 

Thus far the law of mass action as applied to the combustion of 
gases has been considered. This law is also a valuable guide in 
studying the combustion of the small particles of solid carbon, or 
soot, and the tar vapors, which are present as small globules. The 
mass, or concentration, of the solid carbon or the tar globule is very 
large compared with that of gaseous oxygen, so that the velocity of 
reaction depends on the rate with which the oxygen comes in contact 
with the surface of hot particles of carbon or tar globules. The 
faster oxygen is supplied to the surface, the higher is the velocity of 
the reaction. The rate at which oxygen is supplied to the surface 
of these carbon particles and tar globules is proportional to the 
percentage of the oxygen in the furnace gases. , 

The particles of carbon and the tar globules are so small that 
unless they are constantly agitated they tend to adopt the motion 
of the surrounding gas and consequently there is little or no relative 
velocity between them and the gas, to scrub off the layer of products 
of combustion and allow oxygen to act upon the surface of the 


DISCUSSION OF MISCELLANEOUS DATA, 129 


particles. Removal of the products of combustion from the surface 
and the supplying of free oxygen must be largely accomplished by 
natural diffusion, which is a slow process. This is one of the reasons 
why the combustion of soot and tar vapor is slow. 


MIXING OF AIR AND GASES. 


A chemical action can take place only when the reacting substances 
are brought into contact; this is true of gases as well as of liquids and 
solids. ‘Thus, in the combustion of gases, which is a chemical process, 
there must be contact between the molecules of the combustible gas 
and of the oxygen before there can be combustion. This contact 
takes place most readily when the gases and the air containing the 
oxygen form a uniform mixture. The preceding calculations of the 
velocities of combustion according to the law of mass action are | 
directly applicable only to uniform mixtures of the combustible gas |, 
and the air containing the oxygen. If they do not form a uniform 
mixture more time is required for the oxygen to come in contact 
with the combustible substances and the velocity of combustion will 
not be according to the law of mass action, but will be limited to the 
rate of mixing. 

For example, if a cubic foot of CO and a cubic foot of O, were 
mixed thoroughly and the mixture placed in a hot furnace, combustion 
would proceed according to the law of mass action and would be 
rapid. If, on the other hand, the cubic foot of CO and the cubic foot 
of O, were placed in the hot furnace in such a way that the cubes 
would be in contact on one side only, combustion would take place 
only along the common surface of contact of the two gases and not 
within the cubes. The combustion would be slow, its velocity being 
limited to the rate at which molecules of CO and O, were coming to 
the common surface of contact. If this movement of molecules is 
left entirely to the natural diffusion of gases, the rate of the reaction 
would be slow—much slower than in a uniform mixture because 
natural diffusion of CO and O, is much slower than their velocity of 
combustion in uniform mixtures. If, however, the two cubic feet of 
CO and O, were violently stirred, the rate of CO coming in contact 
with O,, or their mixing, would be rapid, and the velocity of combus- 
tion would approach that of uniform mixture, according to the law 
of mass action. 

In commercial furnaces the combustible gases and the oxygen 
seldom form a perfectly uniform mixture, hence the rate of burning 
is not altogether controlled by the law of mass action but largely by 
the rate of mixing. This is especially true of the furnace gases near 
the surface of the fuel bed. The combustible gases leave the fuel bed 
in a solid stream containing little or no free oxygen. To this stream 
of combustible gas, air is added through the fire door or other special 
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openings. If this air is added in comparatively large streams that 
are not agitated, the streams of combustible gases and the air may 
flow through the furnace for some distance in more or less stratified 
streams, and the combustion take place only along the surfaces of 
contact and be slow. Such combustion makes itself evident as long 
flames. When the air is added in a large number of small streams, 
or when the large streams are agitated so that they break into a large 
number of small streams, the surface of contact is large and the com- 
bustion is rapid, approaching the velocity of combustion of a uniform 
mixture. Such combustion is manifested by short and hot flames. 

Evidently, the length of the flame depends not only on the nature 
of the combustible, the excess of air, and the rate of firing, but also 
to a large degree on the rate of mixing of the combustible gases with 
the oxygenoftheair. It has been shown in connection with Tables 8, 9, 
and 10 that the tendency of the gases is to flow in parallel streams even 
when the air was introduced into the furnace in many small streams 
through the tuyéres of the furnace. 

Mixing effects apply equally well to the combustion of soot and 
tar. The velocity at which these burn in the furnace depends upon 
the rate at which oxygen is supplied to their surfaces and the products 
of combustion are removed. Tar and soot particles are heavier than 
the gases surrounding them and change the direction of their motion 
less readily, therefore mixing creates a relative velocity between them 
and the gases. This relative velocity tends to scrub from their 
surfaces the products of combustion and to replace these with free 
oxygen. 

Probably mixing has a further important effect on the combustion 
of the tar. A large part of the tar in the furnace is small globules, 
somewhat like visible steam rising from boilmg water. When air is 
absent heating breaks up these globules of tar in various ways, the 
ultimate products being hydrogen and the finely divided solid carbon 
known as soot. In the presence of air it is quite likely that the 
reactions are different, oxygen taking part, and giving as final 
products CO, and H,O with very little or no soot. This phase of com- 
bustion is discussed on pages 118 to 122. - 

A bunsen burner can be used to show how mixing air with a flame 
affects combustion. When the air supply is turned off the flame from 
a bunsen burner is luminous. Its luminosity is due to incandescent 
particles of solid carbon resulting from the decomposition of hydro- 
carbons in the gas. The interior of the flame contains no oxygen to 
burn the hydrocarbons, and they are decomposed by heat into hydro- 
gen and carbon. 

When air is mixed with the gas as it enters the burner, the flame 
is nonluminous and has a well-defined inner cone. In this inner cone 
the oxygen of the air combines with hydrocarbons of the gas, pro- 
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ducing H, and CO, which burn on the outer envelope of the flame. 
The reactions in the presence of oxygen produce gases that are easily 
burned, whereas the carbon produced in the absence of air is diffi- 
cult to burn. Similarly, air mixed with volatile matter in the fur- 
nace before the tar is decomposed by heat may produce a larger 
proportion of combustible in the form of gas and less in the form of 
carbon. 

Obviously, mixing is an important factor in combustion. Merely 
an excess of air in the furnace is not enough; the air must be supplied 
as near to the surface of the fuel bed as practicable, and be thoroughly 
mixed with the combustible matter in order that the combustion 
may be completed in a short time and a small combustion space 
made effective. 

The importance of mixing was pointed out about 10 years ago by 
Breckenridge, as follows: 

On page 61 is given a calculation based on actual data obtained, and the conclusion 
is reached that the velocity of combustion decreases enormously from the surface 
of the fire to the rear of the combustion chamber, where it is relatively very small, 
the practical application is that little is to be gained by adding further length of smooth 
combustion chamber, which would be commercially as poor an investment of capital 


as to add to the length of a Corliss engine cylinder and stroke; we must resort to thor- 
ough mixing. 


Breckenridge® further states: 


It will be probably found on attempting this reduction of dimensions and cost that 
the limit will be not in the boiler as such, but in the combustion chamber. Burning 
a large amount of coal in a small grate area is largely a question of draft and continual 
riddance of ash, but the rate of travel of gases through a combustion chamber is depen- 
dent, practically, only on the amount of carbon burned per unit of time, the rate being 
about the same no matter what the air supply per pound of carbon. As combustion 
chambers are now constructed for western coals they are too small, but ‘‘small” is a 
word not to be understood in this connection as referring to volume or length alone. 
By a ‘small combustion chamber ”’ is meant a chamber in which either the time 
spent by the gas in traveling from the front to the rear of the boiler is short or the mix- 
ing devices are inefficient or absent. In the discussion of mass action it was stated 
that mere length of combustion chamber counts for little—that mixing is what 
counts—and thus there is a possibility of enormously increasing the efficiency of a 
combustion chamber as a burner of volatile matter. Efforts in completing a steam 
generating outfit of small dimensions must be largely concerned with the construc- 
tion of a combustion chamber containing many gas-mixing appliances. 


Mixing can be obtained by using special fire-brick structures in the 
combustion space, such as piers on the bridge wall or in the com- 
bustion space beyond the bridge wall, deflecting arches, and wing 
walls. Such structures change the direction of flow of the gases and 
create a relative velocity between tars and soot and the air, and 
between different streams of gases, thus tending to produce a uni- 
form mixture. The chief objection to such structures seems to be 


a Breckenridge, L. P., Study of four hundred steaming tests: Bull. 325, U. S. Geol. Survey, 1907, p. 171. 
b Breckenridge, L. P., Work cited, p. 178. 
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their lack of durability. In these days of high furnace temperatures, 
the main condition of high efficiency, such structures are destroyed 
in a comparatively short time and their maintenance entails con- 
siderable expense. 

Another method of mixing the gases and air is to introduce the 
air at high velocity either by means of steam jets or by forcing the 
air over the fuel bed with a blower. The jets of steam or of air cause 
a whirling motion over the fuel bed and tend to produce a uniform 
mixture. The best results are obtained when the air is admitted in 
a large number of small streams. When steam jets are used it should 
be remembered that it is not the quantity of steam but high-velocity 
streams of air that are wanted in the furnace. The steam jets are 
also inefficient as air movers. 


TEMPERATURE IN COMBUSTION CHAMBER. 


The velocity of chemical reaction increases with rise in temperature. 
At ordinary atmospheric temperatures the oxidation of carbon mon- 
oxide and hydrogen proceeds so slowly that the velocity of reaction 
can not be measured. At high temperatures and with thorough mix- 
ing, oxidation takes place rapidly; that is, the gases burn. 

Experimental work has shown that at ordinary furnace tempera- 


tures the velocity is about doubled when the temperature is increased — 


10°C. At high temperatures the increase is less, but may be said 
to be of this order of magnitude. The velocity of reaction increases 
in geometric progression, whereas temperature increases in arith- 
metical progression. This means that if a reaction has a velocity of 
1 at 1,000° C., assuming that the velocity is doubled for each increase 
of 10° C., then at 1,100° C. the reaction has a velocity of 1,024, and 
at 1,200° C. the velocity is 1,048,576. 

The temperature in a boiler furnace is about 1,400° C. At this 
temperature oxygen reacts with the combustible material to be 
burned very rapidly, but proper conditions for reaction must be 
provided. 

When coal is burned carbon dioxide and water are the final prod- 
ucts of complete combustion. The extent to which they are dis- 
sociated depends upon the temperature in the furnace and deter- 
mines the limit of completeness of combustion. 

Nernst and Wartenberg? studied the reaction 2 CO, 2 2 CO+0, 
and found that the dissociation of CO, at one atmosphere at 
1,323° C. was 0.104 per cent, at 1,423° C., 0.242 per cent, and at 
1,523° C., 0.507 per. cent. 

Loéwenstein® studied the reaction for the formation of water, 
2H,O = 2H,+ O,, and found that the dissociation at one atmos- 


a Haber, F., Thermodynamics of technical gas reactions, 1908, p. 323. 
b Haber, F., Work cited, p. 332. 
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phere at 1,432° C. was 0.102 per cent, at 1,510° C., 0.182 per cent, 
and at 1,590° C., 0.354 per cent. 

As shown by the preceding data, at furnace temperatures carbon 
dioxide and water vapor are only slightly dissociated. Therefore it 
is evident that at equilibrium very little carbon monoxide and 
hydrogen can exist in the furnace. The combustion to carbon 
dioxide and water will be complete if given time enough. 


TIME OF CONTACT. 


If reactions are allowed sufficient time they will proceed to equili- 
brium. The length of time required depends upon the velocity of 
reaction; the slower the velocity the greater is the time necessary 
to reach equilibrium. As stated previously, CO, and H,O are only 
slightly dissociated at furnace temperatures, and therefore when 
equilibrium is reached combustion is practically complete. 

Equilibrium conditions determine what products are formed and 
the amounts. They do not give information on velocity of reaction. 
At present the velocity coefficients of the reactions that occur in 
the furnace are not all known definitely; therefore it is not possible 
to obtain an expression for their relative velocities. However, it is 
known that some of the combustible gases formed in the fuel bed 
will burn almost instantaneously at temperatures below those in 
the furnace when mixed with oxygen in proper proportions to make 
an explosion. An explosion is simply very rapid combustion, and 
therefore it can be said the velocity of combustion is sufficient to 
burn the gases in a very short time if they form a uniform mixture 
with a sufficient amount of air. In most furnaces that are in use 
the time required for complete combustion is not determined by the 
velocity of chemical reaction but by the rate of mixing. 

One must remember that combustion of coal is not a simple 
oxidation of carbon and hydrogen to CO, and H,O, but is a complex 
process. The volatile matter from heated coal contains tar, saturated 
and unsaturated hydrocarbons, carbon monoxide, and hydrogen, all 
of which must be burned in the space above the fuel bed. These 
materials all react among themselves and with the products of their 
combustion. Each reaction exerts its influence upon the others and 
can not be considered separately. The high temperature in the fur- 
nace favors the formation of simpler compounds so that the final 
products to be burned are largely soot, CO, and H,. 

- When other factors remain constant the velocity of combustion 
and the time of contact necessary for the completion of the reaction 
are closely related. The time of contact may be considered to be 
‘the length of time during which the combustible and the air supplied 
‘over fuel bed remain in the furnace. If the velocity is slow a long 
time of contact is required for complete combustion and a large 
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combustion space must be provided in order that the gases may be 
burned before they pass out of the furnace and are cooled. The 
rate of burning the coal and the size of combustion space determine 
the length of time the gases remain in the furnace. As the size of 
combustion space with a given furnace setting is constant the time 
the gases remain in the furnace is proportional to the rate of com- 
bustion. With high rates of combustion a larger volume of gases 1s 
produced and a larger volume of air must be supplied to burn it than 
with low rates of combustion. The larger volume of the mixture 
passes through the combustion space more rapidly; therefore the 
length of time the mixture stays in the furnace or the time of con- 
tact is shorter. 'The combustion space should be large enough so 
that the gases and the oxygen in the air supplied remain in contact 
long enough to burn the gases completely when the furnace is oper- 
ated at its maximum capacity. 

Concentration, mixing, temperature, and time of contact are 
interrelated and each of these factors is essential for good combus- 
tion. Consideration of these four factors indicate the conditions 
necessary to obtain good results. These condition are: (1) Enough 
air; (2) air and the combustible gases thoroughly mixed; (3) afurnace 
temperature above the ignition point of the gases;, (4) enough time 
for combustion to be complete. 

In practice an excess of air is required, but the amount of excess 
air can be small if the mixing is thorough. Mixing is probably the 
most important single factor and the one most frequently responsible 
for poor combustion. A large excess of air and high temperature 
will do no geod unless the air is mixed with the furnace gases and the 
oxygen and combustible gas brought into contact. 


FUTURE METHODS OF USING BITUMINOUS COAL. 


Difficulty in burning bituminous coal in industrial furnaces is 
due almost entirely to the volatile matter, because this leaves the 
fuel bed as gases and tars and must be burned in the combustion 
space of the furnace. Unless enough air is introduced immediately 
at the surface of the fuel bed and thoroughly mixed with the vola- 
tile combustible, the tars and the more complex combustible gases 
are quickly decomposed or ‘‘cracked”’ into soot and simple gases. 
The soot thus formed is difficult to burn in the rarified furnace atmos- 
phere and is apt to pass out of the furnace as black smoke, particu- 
larly if the furnace is hand fired. To prevent smoke and its accom- 
panying heat losses, a considerable excess of air must be used and 
the furnace must have a large combustion space containing gas- 
mixing devices. The fixed carbon is easy to burn because it stays on 
the grate. It burns partly to CO,, and partly to CO, which in turn 
can be burned to CO, with the additional air introduced above the 
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fuel bed. Practically complete combustion of CO is easily obtained 
because of its simple molecular structure. 

During the past 15 or 20 years considerable attention has been 
given to designing of furnaces that would burn bituminous coals 
without producing smoke. Campaigns have been conducted to 
educate the fireman and induce him to use proper methods of firing 
the coal so as to produce the least amount of smoke. Large cities 
passed smoke ordinances aiming to reduce the smoke by encourag- 
ing or forcing the coal user to install apparatus that would 
burn coal smokelessly. These methods of attacking the problem 
have had much success but the production of unnecessary smoke 
continues. A large part of this smoke is made in a way that can not 
be easily controlled, even with good intentions on the part of the 
offenders. : 

In view of what is known of the chemistry of the various kinds of 
fuels and the possible advancement of such knowledge in the near 
future, it is questionable whether the method used in attacking the 
smoke problem was the best as regards fuel economy. The persis- 
tence of smokiness in burning bituminous coals shows that there is 
room for improvement in methods of burning, or that the best way 
of utilizing such coals has not been followed. 

The volatile matter of bituminous coal would have greater economic 
value if converted into gas or liquid fuel than if burned under steam 
boilers. Under present market conditions heat in the form of coal 
gas brings 8 to 16 times the price of an equivalent amount of heat 
in the form of coal. Gas is an extremely convenient fuel and can be 
used to advantage for many purposes such as cooking, lighting and 
heating buildings, municipal lighting, and in some industrial plants 
for obtaining a uniformly high temperature and clean products of 
combustion. The residue from the coking coals should find a ready 
market for househeating and for steaming purposes. As both the 
gas and coke burn without smoke, their separate use would tend to 
make cities cleaner. The manufacture of gas from coal has been 
a commercial undertaking for many years and is still rapidly devel- 
oping, the liberal margin between the price of heat in the form of 
gas and the price of heat in the form of soft coal making the conver- 
sion profitable. 

The conversion of the volatile matter of bituminous coal into liquid 
fuel seems to be even more promising than its conversion into gas. 
By the application of proper processes it seems possible to reduce a 
large part of the volatile matter to liquid, of which an appreciable 
percentage can be obtained in the form of light oils cuitable for 
motor fuel. Benzol has been obtained at by-product plants for 
many years without any special effort to produce it. There is no 
doubt that with well-developed methods the yield of benzol and 
similar oils could be greatly increased. 
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The demand for these oils is already great and will keep on in- 
creasing. The value of heat in the form of motor fuel is 20 to 30 
times as great as that of heat in the form of coal. As the supply 
of bituminous coal is enormous, the uses of the oil are practically 
unlimited, and the margin of profit in the conversion is large, 
it would seem that the development of highly productive methods 
would be rapid. By itself the coke residue from such plants would 
have considerable commercial value, and if its price were made 
equivalent to that of coal it would doubtless find a wide market for 
househeating and steaming purposes. 

Thus the use of coke and gas would gradually take the place of the 
use of bituminous coal as fuel and the smoke problem would largely 
disappear. By using coke under steam boilers they could be kept 
free from soot and the rate of heat transmission greatly imereased. 
There are probably few instances where coke could not be substituted 
for coal. 

The possibility of converting an appreciable part of the volatile 
matter of bituminous coal into motor fuel is indicated by Table 4 
(p. 78), which gives some of the chemical characteristics of the three 
coals that were tested in the experimental furnace. The part of coal 
that can be possibly converted into liquid fuel is the volatile carbon 
plus the available hydrogen. These two constituents form, on a 
moisture and ash free basis, about 13 per cent of the Pocahontas coal, 
26 per cent of the Pittsburgh coal, and 34 per cent of the Illinois coal. 
The ratios of the volatile carbon to the available hydrogen for the 
three coals are 2.15, 4.36, and 6.6, respectively. The ratio of carbon 
to hydrogén in benzol (C,H,) is 12, the ratio of carbon to hydrogen 
in gasoline is about 5.3, computed from the average molecular 
formula of gasoline, C,H,,. Evidently there is more than enough 
hydrogen for the volatile carbon to form benzol or gasoline. The 
necessary elements are there, the energy is there; the problem to be 
solved is to find a way to make the elements form the desired 


combination. ; 
THE ADVANTAGES OF LIQUID FUEL. 


The higher commercial value of liquid fuel is due to its being avail- 
able for more purposes. Oil seems to have all the advantages of gas 
and solid fuel and none of their disadvantages. Gas, on account of 
its simple molecular structure, can be burned readily and without 
smoke in any commercial apparatus from a boiler furnace to a gas 
engine; also, the feed of gas can be made automatic for any apparatus 
and can be easily controlled. However, gas has the great disad- 
vantage that it is not concentrated enough for convenient storage. 
On the other hand, coal contains large amounts of heat in highly 
concentrated form and can be easily stored. Its complex molecular 
structure and the many solid impurities tend to limit its use. In its 
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marketed form, coal lacks sufficient adaptability to delicate adjust- 
ment or automatic feed control. 

Liquid fuel has a simple molecular structure, and the ease with 
which the light oils are changed to vapor make these oils readily 
adaptable to many purposes for which gas is used. Oil is a highly 
concentrated fuel and can be easily stored, transported, and handled. 


CONCLUSION. 


By such possible changes in the use of bituminous coal as are 
outlined in the preceding paragraphs, the problem of combustion 
will be much simplified. 

Bituminous coal will probably continue to be used under steam 
boilers but to a lesser extent. In the future its principal use will be 
in the by-product plants because of the higher commercial value of 
the products that can be made from it. The higher the percentage 
of volatile combustible the higher will be the commercial value of 
the coal. The time may come when our views of the relative values 
of different coals will change and we shall consider anthracite as of 
minor importance as compared with the high-volatile bitummous 
coals. 

Vague reports from Europe indicate that after the war the world 
will be informed of some extraordinary developments in the utiliza- 
tion of bituminous coal in certain countries, and that these develop- 
ments will become of pressing importance to manufacturers in the 
United States. 
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